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Abstract
LRP2 is a member of the low-density lipoprotein receptor gene family that is
mainly expressed in the yolk sac and in the neuroepithelium of the early embryo.
Deficiency for this 600 kDa protein in mice results in holoprosencephaly, indicating
an important yet unknown role for LRP2 in forebrain development.
In this study, mice with a complete or a conditional loss of lrp2 function were
used to further elucidate the consequences of the lack of LRP2 expression. This
study shows that the presence of LRP2 in the neuroepithelium but not in the
yolk sac is crucial for early forebrain development. Lack of the receptor resulted
in an increase of Bone morphogenic protein (Bmp) 4 signaling in the rostral
telencephalon at E9.5. As a consequence, sonic hedgehog (shh) expression
at E10.5 was lost completely in a ventral region of the telencephalon termed
anterior entopeduncular area (AEP). The absence of Shh activity in this area
subsequently led to the loss of ventrally induced oligodendroglial and interneuronal
cell populations in lrp2 deficient mice. Similar dorsalizing effects have also been
observed in mice with increased Bmp4 signaling. Taking into account that Bmp4
was found to bind to LRP2 in vitro and in vivo in this study, these results suggest
a previously unknown role for LRP2 in patterning the rostral ventral neural tube,
possibly by acting as a clearance receptor for Bmp4.
The underlying molecular mechanisms by which LRP2 patterns the ventral
forebrain were then further analyzed in the zebrafish, a model organism that
is amenable for various experimental manipulations. The cytoplasmic tail, the
transmembrane domain and a short extracellular part of the zebrafish LRP2
were identified by searching the Sanger Zebrafish Zv4.0 genomic database.
LRP2-deficient animals were generated by injecting Morpholino oligonucleotides
that interfered with the splicing of the lrp2 -pre-mRNA leading to a deletion of
the transmembrane-exon. Injected animals suffered from impaired renal clearance
processes, demonstrating the functional conservation of LRP2 in the larval
zebrafish pronephros and in the mammalian kidney.
Brain structures were not affected in these animals and the expression patterns
of marker genes for early forebrain development that were changed in the mouse
were not changed in the zebrafish.
Apparently, Morpholino mediated interfering with the splicing of the lrp2 -pre-
mRNA did not affect the early forebrain formation because properly processed
lrp2 -mRNA was supplied maternally and sufficient for proper brain formation.
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Abstract
LRP2 gehört zu einer Gruppe funktionell und strukturell eng verwandter Proteine,
die in der Low Density Lipoprotein Rezeptor (LDLR) Genfamilie zusammengefasst
werden. LRP2 wird während der frühen Embryonalentwicklung hauptsächlich
im Dottersack und im Neuroepithel exprimiert. Der funktionelle Verlust dieses
600 kDa großen Proteins in Mäusen führt zu schweren Fehlbildungen bei der
Vorderhirnentwicklung, die als Holoprosenzephalie bezeichnet werden. LRP2
scheint daher eine wichtige, aber bisher unbekannte Funktion während der
Vorderhirnentwicklung auszuüben.
Um die zu Grunde liegenden Mechanismen dieser Fehlbildungen zu analysieren,
wurden für diese Arbeit Mäuse verwendet, bei denen lrp2 im gesamten Tier oder
nur in bestimmten Geweben inaktiviert war. Es konnte gezeigt werden, dass die
Expression von LRP2 im Neuroepithel, nicht aber im Dottersack wichtig für die
korrekte Vorderhirnentwicklung ist. Das Fehlen des Proteins führte am Tag 9.5 der
Embryonalentwicklung zu einer Überaktivierung des Bone morphogenic protein
(Bmp) 4 Signalweges im rostralen Telencephalon. Am Tag 10.5 war ein Verlust
der sonic hedgehog (shh) Expression in einem begrenzten Bereich des ventralen,
rostralen Telencephalons zu sehen, der als anteriore entopedunculare Zone (AEP)
bezeichnet wird. Das Fehlen von Shh in der AEP führte zum Verlust von ventralen
Oligodendrozyten und Interneuronen, deren Bildung normalerweise in diesem
Bereich von Shh induziert wird. Ähnliche Defekte wurden ebenfalls in Mäusen
beschrieben, bei denen der Bmp4 Signalweg verstärkt ist. Es konnte in dieser
Arbeit gezeigt werden, dass Bmp4 sowohl in vitro als auch in vivo an LRP2 bindet
und dem lysosomalen Abbau zugeführt wird. Diese Ergebnisse deuten darauf hin,
dass LRP2 maßgeblich an der Entwicklung des ventralen Telencephalons beteiligt
ist - möglicherweise indem es die verfügbare Menge an Bmp4 durch Endozytose
reguliert.
Die Signalwege, in die LRP2 eingebunden ist, sollten im Zebrafisch weiter unter-
sucht werden, da dieser Organismus leichter als die Maus experimentell manipuliert
werden kann. Durch Datenbankanalysen (Sanger Zebrafish Zv 4.0) konnte die
codierende Sequenz des zytoplasmatischen Bereiches, der Transmembran-Region,
sowie eines kurzen extrazellulären Bereiches von LRP2 im Zebrafisch identifiziert
werden. Tiere, denen funktionelles LRP2 fehlte, wurden durch die Injektion
von Morpholino-Oligonukleotiden generiert. Die Morpholino-Oligonukleotide
interferierten selektiv mit der Prozessierung der lrp2 -prä-mRNA und führten zur
Deletion des Transmembran-Exons von LRP2. Injizierte Tiere zeigten Störungen
bei Resorptionsvorgängen im Pronephros, ein Phänotyp der bereits für die Niere
von lrp2 defizienten Mäusen beschrieben wurde. Diese Ergebnisse zeigen, dass
die Funktion von LRP2 im Zebrafisch Pronephros und in der Niere der Säugetiere
konserviert ist.
Die Gehirnstrukturen waren bei diesen Tieren allerdings normal entwickelt und
auch die Expressionsmuster von Markergenen für die Vorderhirnentwicklung waren
normal.
Vermutlich war die Störung der lrp2 -prä-mRNA Prozessierung nicht ausreichend,
um hier einen Effekt hervorzurufen, da bereits im 1-Zell Stadium genügend kom-
plett prozessierte maternale lrp2 -mRNA für die Translation von LRP2 vorhanden
war.
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1. INTRODUCTION
1 Introduction
1.1 The low-density lipoprotein receptor gene family
The low-density lipoprotein receptor (LDLR) gene family is composed of ten mem-
bers of structurally closely related cell-surface proteins (Figure 1). In addition to
humans, members of this family have been identified in different taxa including
invertebrates like the fruitfly (Wehrli et al., 2000), and vertebrates like the african
clawfrog (Houston, 2002), the house mouse (Gafvels et al., 1994; Brown et al.,
1998) and the rat (Lee et al., 1989). So far, no members of the LDLR gene family
have been identified in eukaryotic unicellular organisms such as baker’s yeast.
The receptors are homologous among species, even receptors of two evolutionary
distant organisms display a high grade of conservation at the amino acid level
(Houston, 2002). This high degree of evolutionary conservation suggests that the
LDLR gene family early developed roles that are critical for the functional integrity
of multicellular organisms.
The core of the gene family (Figure 1) in mammals consists of the low-
density lipoprotein receptor (LDLR), the LDLR related proteins 1, 1B and 2
(LRP1, LRP1B, LRP2), the very low-density lipoprotein receptor (VLDLR),
the apolipoprotein E receptor-2 (ApoER2) and the multiple epidermal growth
factor repeat containing protein 7 (MEGF7). Members of the family that are
not included in the core because of their differing domain structure (Figure 1) are
the low-density lipoprotein receptor related protein 5, 6 (LRP5/LRP6) and the
sorting protein related receptor containing LDLR class A repeats (SorLA). A ta-
ble summarizing important ligands, functions and sites of expression for the gene
family members can be found at the end of this section on page 17.
All of these receptors belong to the superfamily of type I cell-surface receptors,
featuring a large amino-terminal extracellular domain, a single transmembrane seg-
ment and a short carboxy-terminal cytoplasmic tail region. The extracellular part is
mainly composed of motifs responsible for binding ligands and of motifs important
for releasing ligands (Brown et al., 1997) upon internalization in the endosomes in
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Figure 1: Depicted are the seven core family members of the LDL receptor gene family
and the three more distantly related family members. All share common motifs, includ-
ing a single transmembrane segment, complement-type repeats and epidermal growth
factor (EGF) precursor homology domains. The NPxY-motif(s)in the cytoplasmic tail
of the receptor mediate the clustering into clathrin-coated pits. O-linked sugar domains
are found in the LDLR, VLDLR and ApoER2 only. Abbreviations: LDLR, low-density
lipoprotein receptor; LRP1, 1B, 2, low-density lipoprotein receptor related protein 1, 1B,
2; VLDLR, very low-density lipoprotein receptor; ApoER2, apolipoprotein E receptor
2; MEGF7, multiple EGF-repeat-containing protein 7; LRP5, 6, low-density lipoprotein




The motifs responsible for binding ligands are termed complement-type repeat
(CR)-domains and consist of 40 amino acids containing six cysteine residues that
are disulphide linked in the pattern one to three, two to five, and four to six. Each
CR-domain harbors a Ca2+ binding site that is important for the correct folding
and stabilization of this protein module. Typically, an acidic motif (asp-any amino
acid-ser-asp-glx) is located between cysteine residues five and six (Bieri et al.,
1995; Fass et al., 1997). The difference in ligand binding-specificity is mainly due
to the variability of amino acid sequences linking the CR-domains.
The motif responsible for releasing ligands is termed epidermal growth factor pre-
cursor homology (EGFP) domain and is composed of three epidermal growth factor
(EGF)-like repeats with a stretch of 260 amino acids intersected between EGF-like
repeat two and three. This additional stretch of amino acids contains six repeats
of the amino acids tyr-trp-thr-asp (YWTD) and folds into a structure called ß-
propeller. At low pH in the endosmes the ß-propeller undergoes conformational
changes and becomes an alternate ligand for the CR-domains, thereby triggering
the release of lipoprotein ligands (Rudenko et al., 2002).
The LDLR, VLDLR and ApoER2 contain an O-linked sugar domain that immedi-
ately preceeds the membrane-spanning segment (Iijima et al., 1998). Carbohydrate
chains of variable length are linked to this domain preventing the proteolytic cleav-
age of the extracellular part of the receptor (Kozarsky et al., 1988). The VLDL
and ApoER2 receptors can be synthesized with or without this sugar domain in a
tissue specific manner. A single trans-membrane domain anchors the receptors in
the plasma membrane of the cell. The cytoplasmic tail is highly variable in the
different receptors and contains one or more asn-pro-any amino acid-tyr (NPxY)
motifs (Figure 1). The NPxY motifs localize the receptor to specialized regions
(clathrin coated pits) of the cell surface for endocytosis (Chen et al., 1990; Bansal
and Gierasch, 1991) and bind phosphotyrosine binding (PTB) domain containing
adaptor proteins.
Although a plethora of different ligands has been identified for the various mem-
bers of the LDLR gene family, one ligand that is common to all members of the
LDLR gene family is the receptor associated protein (RAP). RAP binds to the
nascent amino acid chain in the endoplasmatic reticulum helping the protein to
fold correctly. Furthermore it prevents the premature binding of ligands that are
often synthesized in the same cell type (Willnow, 1998). RAP binds all members
of the LDL receptor gene family except LDLR with high affinity and is commonly




The low-density lipoprotein receptor was the first member of the family to be iden-
tified by Brown and Goldstein 20 years ago. They could show that the physiological
role of the receptor is to take up cholesterol-carrying lipoproteins into target cells
(Brown and Goldstein, 1986). Cholesterol serves many important functions within
the organism: it is an important component of the cell membrane and the major
precursor for the synthesis of vitamin D and steroid hormones, including cortisol
and aldosterone in the adrenal glands, the sex hormones progesterone, estrogen,
and testosterone.
Cholesterol is a steroid-derived lipid and not soluble in water. Because of its hy-
drophobic nature cholesterol is transported in the bloodstream surrounded by a
monolayered phospholipid shell. The shell also contains protein molecules that
mediate binding to the receptor, leading eventually to endocytosis of the package.
There are two known ligands for the LDLR. The main ligand is the low-density
lipoprotein (LDL) that binds to the receptor by apolipoprotein B-100 (apoB). The
second ligand is the very low-density lipoprotein (VLDL) that also binds to the
receptor with its protein part, apolipoprotein E (apoE) (Havel, 1989).
Basically every cell type in the adult organism expresses the LDLR at variable
levels, suggesting an important function of this receptor. Heterozygous carriers of
mutations in the gene encoding the LDLR that disable the receptor’s function have
a disturbed lipid metabolism. The cholesterol level in these individuals is elevated
due to the inability of the cells to clear LDL respectively VLDL particles from
the bloodstream. As a consequence, patients suffer from premature atherosclero-
sis and coronary artery disease. Individuals carrying a homozygous mutation for
LDLR have dramatically elevated cholesterol levels and usually suffer fatal heart
attacks within the first two decades of life (Havel, 1989), a condition referred to
as familial hypercholesterolemia.
Although the LDL receptor is expressed in the embryonic and adult nervous sys-
tem, LDLR-knockout mice surprisingly do not show defects in embryonic neuronal
development (Ishibashi et al., 1993).
LRP1
The LDLR related protein 1 was the second member of the family to be discov-
ered (Herz et al., 1988). Its main site of expression are hepatocytes and neurons,
but it is expressed at low levels in many other cell types (Moestrup et al., 1992).
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Because LRP1 is expressed in hepatocytes and binds ApoE (Beisiegel et al., 1989,
1991; Willnow et al., 1994), it was initially thought to be mainly involved in lipid
metabolism. Subsequent studies revealed that LRP1 binds to proteases and their
inhibitors, coagulation factors, lipases and the amyloid precursor protein (APP)
(Gliemann, 1998; Kounnas et al., 1995), implying a much broader biological func-
tion for this receptor.
A unique feature of LRP1 is the fact that this receptor is cleaved by the protease
furin in an 85 kDa and a 515 kDa fragment in the late secretory compartment. The
85 kDa fragment comprises the transmembrane domain and the cytoplasmic tail,
whereas the 515 kDa fragment encompasses the extracellular region that remains
noncovalently linked to the smaller fragment.
Mice homozygous for a disruption in the LRP1 gene die around day 12.5 of embry-
onic development (Herz et al., 1993), indicating a critical role for the receptor in
embryogenesis. Convincing evidence that LRP1 is involved in signal transduction
came from Boucher et al. (2003). By generating a smooth muscle cell (SMC) spe-
cific LRP1 conditional knockout mouse, they were able to show that LRP1 forms
a complex with the platelet derived growth factor receptor (PDGFR) thereby in-
hibiting PDGF signaling. Inactivation of LRP1 in vascular SMCs of mice causes
abnormal activation of PDGFR signaling, resulting in a marked susceptibility to
cholesterol-induced atherosclerosis. Importantly, atherosclerosis was not caused
by an abnormal lipid metabolism since cholesterol levels were not elevated in the
knockout animals compared to the wildtype animals.
Further proof that LRP is part of the PDGF signaling pathway was obtained by
treating conditional knockout mice with a synthetic inhibitor (Gleevec) of the
PDGF signaling pathway. Animals receiving the inhibitor were rescued and did not
develop atherosclerosis (Boucher et al., 2003) because Gleevec was mimicking the
inhibitory function of the missing LRP1 protein.
LRP1B
The LDLR related protein 1B was the last of the LDL receptor gene family to
be discovered by Liu et al. (2001). In their study the authors found homozygous
deletions or abnormal transcripts of the LDLR related protein 1B (LRP1B) gene
in nearly 50% of the non-small cell lung cancer cell lines they analyzed. Similarly,
alterations of the LRP1B gene have been described in high-grade urothelial can-
cer (Langbein et al., 2002). LRP1B, originally termed LRP-DIT (LRP-deleted in
tumors) is therefore considered a candidate tumor suppressor gene.
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On the amino acid level, LRP1B is 60% identical to LRP1 and has an overall struc-
ture nearly identical to LRP1, with the exception of two additional exons. One
(exon 68) codes for an additional repeat in the fourth ligand-binding repeat cluster
and another (exon 90) encodes a 33 amino acid sequence within the cytoplasmic
tail that shows no homology to other known proteins (Marschang et al., 2004).
Animals lacking functional LRP1B show no obvious phenotype, probably due to
functional compensation by other family members. Unexpectedly, knockout an-
imals are not prone to develop tumors suggesting that the role of LRP1B as a
tumor suppressor gene is depending on preceding events to malignant transfor-
mation and that loss of LRP1B alone is not sufficient to induce the formation of
tumors (Marschang et al., 2004).
VLDLR
The very low-density lipoprotein receptor was identified by Takahashi et al. (1992)
in a screen for novel LDL receptor-like cDNAs. The newly discovered receptor
displays a close structural similarity to the LDLR (Figure 1) and binds, like every
core member of the LDL receptor gene family, apoE, mediating its endocytosis.
Therefore, the receptor has been proposed to function in the VLDL metabolism.
However, VLDLR is not expressed in the liver, the main site of VLDL catabolism.
The highest level of expression of VLDLR in adults is found in heart and skeletal
muscle and in the endothelial cells lining the major blood vessels (Willnow et al.,
1996b; Wyne et al., 1996).
Additional proof that the receptor only plays a minor role in the VLDL metabolism
came from the analysis of VLDLR-deficient mice in which the lipoprotein profile is
completely normal compared to wildtypes (Frykman et al., 1995). However, these
mice tend to be leaner because they are partially resistant to diet-induced obesity
(Goudriaan et al., 2001). The mechanism by which the VLDLR protects from
obesity remains to be elucidated.
ApoER2
The human homologue of the apolipoprotein E receptor-2 was identified in a
genome-wide search for receptors that are homologuous to the LDLR by Kim
et al. (1996). Like VLDLR, ApoER2 binds to ApoE and is also not expressed in
the liver. Instead, expression is restricted to the brain and testes in adults (Novak
et al., 1996; Stockinger et al., 1998). Mice lacking the receptor do not show any
6
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major disturbance in lipid homeostasis (Trommsdorff et al., 1999), but the males
are virtually infertile, implying a role for ApoER2 in the production or survival of
sperm (Andersen et al., 2003).
A major step in understanding the function of the VLDLR, respectively the ApoER2
was the generation of the compound knockout by Trommsdorff et al. (1999). Mice
that are deficient for both receptors are characterized by the inability to properly
coordinate limb movement. Further analysis of these animals showed that the or-
der of neuronal layering of the cerebellum was reversed, leading to the coordination
defects mentioned above (Trommsdorff et al., 1999; Hiesberger et al., 1999).
Interestingly, the phenotype of the compound knockout animals strikingly resem-
bled that of a naturally occuring mutation (termed reeler) in the gene for the
protein Reelin, described by Falconer (1951). Reelin is a secreted protein produced
by a specialized population of neurons on the surface of the developing neocor-
tex. The protein confers positional information to neurons that are migrating from
their birthplace in the ventricular zone along the radial glial guidance fibers to
their final positions in the cortex. Mice lacking functional Reelin protein display
the same layering defect seen in the VLDLR/ApoER2 compound knockout. An-
other naturally occuring mutation in the gene for disabled1 (dab1) causes the
same neurological disorders as in reeler mice (Sweet et al., 1996). This phenotype
was not compounded in mice lacking both Reelin and Dab1 (Howell et al., 1999),
suggesting that the two proteins function in a linear pathway that controls cortical
development. Since Reelin is an extracellular signaling molecule and Dab1 is a
cytoplasmic adaptor protein, these studies imply that specific receptors for Reelin
are present on the cell surface of migrating neurons.
The finding that VLDLR/ApoER2 compound knockout animals mimick the phe-
notype of mice lacking Reelin or Dab1 and that both receptors bind Dab1 on their
cytoplasmic tails suggested a function as receptors for Reelin (Trommsdorff et al.,
1999). Hiesberger et al. (1999) and D’Arcangelo et al. (1999) showed that both
receptors indeed bind Reelin with high affinity. Together, these findings suggest
that VLDLR and ApoER2 participate in transmitting the extracellular Reelin signal
to intracellular signaling processes initiated by Dab1.
MEGF7
The multiple epidermal growth factor repeat containing protein 7 was found during
a screen for cDNAs that are expressed in the central nervous system and contain
multiple EGF-, respectively CR-domains (Nakayama et al., 1998). The biolog-
7
1. INTRODUCTION
ical role of the receptor is not completely understood so far, but homozygous
MEGF7-deficient mice are growth-retarded and display abnormalities in the fore-
and hindlimb development (Johnson et al., 2005; Simon-Chazottes et al., 2006).
These findings may reflect a possible involvement of MEGF7 in cellular signaling
similar to what has been reported for other family members.
LRP5 and LRP6
The low-density receptor related proteins 5 and 6 are closely related to each other
in structure and in amino acid sequence. The extracellular part of these recep-
tors contains CR- as well as EGF-domains but they are arranged in a different
manner than in the core members of the LDLR gene family (Figure 1). The cyto-
plasmic tail region does not contain an NPxY-motif, which is present in all other
core family members. Both receptors are expressed in a variety of tissues, the
main sites of expression being heart and skeletal muscle, liver and kidney (Brown
et al., 1998; Hey et al., 1998; Dong et al., 1998). The loss of LRP5 function in
humans leads to decreased bone mineral density and skeletal fragility, a disorder
termed Osteoporosis-Pseudoglioma syndrome (OPPG) (Gong et al., 2001). Mouse
embryos lacking functional LRP6 die at birth and exhibit a variety of severe devel-
opmental abnormalities including a truncation of the axial skeleton, limb defects,
malformation of the urogenital tract and small eyes (microphtalmia) (Tamai et al.,
2000; Pinson et al., 2000). The observed phenotypes in LRP6-deficient animals
strongly resemble phenotypes seen in animals with defects in the wingless-type
protein (Wnt) signaling pathway that is important during embryogenesis. It was
shown by Pinson et al. (2000) and Tamai et al. (2000) that LRP5 and LRP6 act as
co-receptors for signaling proteins of the Wnt-family. Without these co-receptors
the Wnt proteins can not bind to their authentic receptor, the signal is not relayed
and target genes are not activated. Lack of functional LRP6 mimicks the defects
observed in mice that are devoid of a functional Wnt signaling pathway, empha-
sizing again the importance of members of the LDL gene receptor family in signal
transduction pathways.
SorLA
The sorting protein related receptor containing LDLR class A repeats was identified
independently by biochemical purification of RAP binding proteins (Jacobsen et al.,
1996) and by a genetic screen for novel LDL receptor family members (Yamazaki
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et al., 1996; Morwald et al., 1997). The extracellular domain consists of motifs
that are shared with other members of the family, e.g. CR-domains and a ß-
propeller (Jeon et al., 2001), whereas other motifs are only present in sorLA. For
example, a unique motif with homology to proteins involved in vacuolar protein
sorting (VPS) is present at the amino-terminus of the receptor suggesting a role for
SorLA in intracellular sorting mechanisms. Indeed, the receptor has been shown to
interact with the amyloid precursor protein (APP) and to regulate its intracellular




The low-density receptor related protein 2 was identified by Kerjaschki and Far-
quhar in 1982. In their original work they purified a large glycoprotein (gp) with
a molecular weight of 330 kDa from brush border membranes of the rat kidney.
Rats immunized with this purified protein (gp330) developed anti-brush border
antibodies and displayed inflamed glomeruli in the kidney leading eventually to
renal failure (Kerjaschki and Farquhar, 1982). The disease pattern seen in these
rats strikingly resembled a specific kind of kidney inflammation in humans termed
Heymann nephritis (HN).
In the initial study, Kerjaschki and Farquhar isolated a degradation product of
LRP2, further studies showed that the molecular weight of the intact protein was
600 kDa and the protein was renamed to gp600 (Hjalm et al., 1996; Saito et al.,
1994). Since gp600 it is the biggest member of the LDLR gene family, a widely
used designation is Megalin.
Like the other receptors of the gene family, LRP2 is a multi-ligand endocytic recep-
tor expressed in a variety of tissues. In the adult organism, LRP2 is expressed mainly
in the proximal tubules of the kidney, in type II pneumocytes and in the Clara cells
of the lung, minor expression sites are the ependyma of the brain, endometrium of
the uterus, principal cells of the epididymis, inner ear and lining cells of the ileum
(Zheng et al., 1994; Kounnas et al., 1994; Hermo et al., 1999). In the mouse
embryo it is expressed in the neuroepithelium as well as in the visceral endoderm
of the yolk sac at midgestation. At later stages it can be found most prominently
in the choroid plexus, ependyma, metanephric tubules, ear, thyroid, pericardium,
and intestine (Kounnas et al., 1994). In all these tissues LRP2 is expressed on
the apical surface of the epithelial cell layer. A large number of ligands for LRP2
has been identified in vitro including proteases, protease inhibitor complexes, plas-
minogen, aminoglycosides, vitamin carrier proteins, lactoferrin, lipoprotein-lipase
and apolipoprotein B (Stefansson et al., 1995b,a; Willnow et al., 1992; Kounnas
et al., 1993)
Basic insight into the receptors function in vivo was gained when Willnow et al.
(1996a) generated mice that lacked functional LRP2 protein by targeted gene
disruption. Mice that are heterozygous for the defective gene are phenotypically
indistinguishable from their littermates whereas animals homozygous for the defec-
tive gene show a variety of abnormalities. The knockout animals are characterized
by fused brain hemispheres, lacking olfactory bulbs and facial abnormalities such as








Figure 2: Cranofacial and brain malformations in lrp2 -deficient newborn mice. (A)
Head profiles of wildype (+/+) and lrp2 -deficient (-/-) newborn mouse. (B) brains of
+/+ and -/- mice after removal of the skin and bone. Arrowheads indicate olfactory
bulbs. (C) Alizarin Red S/Alcain Blue staining of bone (red) and cartilage (blue) of
a wild type (specimen 3) and two variably affected lrp2 -/- mouse fetuses at day 18.5
(specimens 1 and 2). Modified from Willnow et al. (1996a)
eyes (Willnow et al., 1996a). Because of the severity of these defects most of the
embryos homozygous for the gene defect die shortly after birth due to respiratory
insufficiency (Willnow et al., 1996a).
Little is known about the exact mechanism by which LRP2 contributes to fore-
brain formation in the developing embryo. The various defects mentioned above
are the typical hallmarks of a disease termed holoprosencephaly (HPE) in humans
and indicate an essential function of the protein in establishing normal forebrain
structures. The first defects in forebrain morphology are visible at day 8.5 of em-
bryonic development (Figure 3). Embryos that were obtained from matings of
lrp2 +/- animals were analyzed by scanning electron microscopy. One fourth of
these embryos showed distinct dysplastic abnormalities primarily around the region
of the forebrain neural folds (fnf). The telencephalic vesicles were found to be
reduced in size and in some cases the epithelial cohesion was impaired (Willnow
et al., 1996a).
First evidence that the forebrain defect is probably a consequence of a reduction of
proliferation in a specific area of the rostral neural tube came from Spoelgen et al.
(2005). He showed that the neuroepithelium wall thickness in the rostral forebrain
is reduced in lrp2 -/- animals compared to wildtype animals. This reduction in wall
thickness was found to be most pronounced in a region termed anterior entope-
duncular area (AEP) and in the medial ganglionic eminece (MGE) (Figure 4 F, G,
H). He could also observe a decrease of proliferation in this restricted area of the
forebrain (Figure 4 D, I), whereas the number of apoptotic cells in that region was
not changed (Figure 4E, K).





Figure 3: Analysis of E8.5 and E9.5 lrp2 mutant mouse embryos. (A-C) Nile blue
staining of E9.5 wild-type (A) and lrp2 -/- mouse embryos (B and C). op, Optic vesicle;
ot, otic vesicle; m, midbrain; t, telencephalon; II, perioptic neural crest and mesoderm;
V, trigeminal ganglion; VII, facio-acoustic ganglion. (D-F) Scanning electron microscopy
of forebrain development in E8.5 embryos. The asterisk (E) indicates dysplastic forebrain
neural folds (fnf); ne, neuroepithelium (Bars in D-F = 200 um). Modified from Willnow
et al. (1996a).
where low molecular weight metabolites (<70 kDa) that have passed glomerular
filtration are reabsorbed. The urine of lrp2 knockout mice is abundant in these low
molecular weight metabolites (small plasma proteins, plasma vitamin carrier pro-
teins, peptide hormones like insulin or parathyroid hormone and lysozyme) because
they are apparently not resorbed by the proximal tubules of the kidney (Leheste
et al., 1999; Willnow and Herz, 1995). This condition is called low molecular weight
proteinuria. Because vitamins are lost together with their carrier proteins in the
urine, these animals also suffer from a disturbed vitamin homeostasis (Leheste
et al., 2003; Nykjaer et al., 1999; Moestrup et al., 1996). These findings show
that LRP2 plays an important role in reuptake of metabolites from the glomerular
filtrate in the renal proximal tubules.
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Figure 4: Neuroanatomy and analysis of cell proliferation and apoptosis of lrp2 -deficient
embryos. (A, F) Sagittal (B-E, G-K) coronal forebrain sections from wild-type (A-E)
and lrp2 -/- (F-K) embryos subjected to H+E staining (A-C, F-H), or detection of cell
proliferation (D, I) (anti-phosphohistone H3 immunofluorescence), or detection of apop-
tosis (E, K) (TUNEL assay). Lrp2 -/- animals suffer from a reduction in neuroepithelial
wall thickness (F, arrowhead) compared with controls (A). (B, G) Coronal forebrain
sections , indicating a decrease in thickness of the ventral neuroepithelium that is most
pronounced in the AEP and the MGE of lrp2 -/- embryos (G) compared with wild-types.
(D, I) Coronal sections through the rostroventral neural tube analyzed for cell prolif-
eration, indicating a reduction of mitotic cells in the lrp2 -/- embryos (I, arrowheads)
compared with wild-types (D, arrowheads). No difference is seen in the number of
apoptotic nuclei in both genotypes (E, K, arrowheads). Abbreviations: AEP, anterior
entopeduncular area; MGE, medial ganglionic eminence. Modified from Spoelgen et al.
(2005).
1.2 Holoprosencephaly
The failure of the forebrain (prosencephalon) to divide into bilateral cerebral hemi-
spheres is a defect known as holoprosencephaly (HPE). As a consequence the
development of facial as well as of brain structures is affected. In humans, the
disease manifests itself in a spectrum of defects (Matsunaga and Shiota, 1977).
The most severe cases involve malformations of the brain that lead to perinatal
death. Mildly affected individuals display facial defects where the eyes, nose or
upper lip are affected, but where the brain is developed almost normally. The least
severe of the facial anomalies is the median cleft lip (premaxillary agenesis). The
most severe is cyclopia, an abnormality characterized by a single eye located in the
area normally occupied by the root of the nose, and a missing or tubular-shaped
13
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Receptor Expression Biological functions Ligands
LDLR ubiquitous, e.g. hepato-
cytes, macrophages, cen-
tral nervous system
cholesterol homeostasis apoE, apoB






endocytosis of a broad
range of ligands, regula-











LRP1B central nervous system unknown synaptotagmin, laminin
receptor precursors, apoE
LRP2 apical plasma membrane
of absorptive and secre-

















VLDLR developing and adult






lipase, tissue factor path-
way inhibitor






MEGF7 restricted expression pat-






muscle cells, CNS neu-
rons, developing lung,
osteoblasts, osteoclasts
Regulation of bone for-
mation, Wnt signal trans-
duction
Wnt proteins












lipase, head activator pro-
tein
Figure 5: Ligands and functions of the mammalian LDL receptor gene family members.
The table highlights a selection of biological functions and ligands of the listed receptors.
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nose located above the eye. Based on the severity of the defects, three forms of
holoprosencephaly are distinguished in humans:
1. Alobar holoprosencephaly is the most severe form. The brain fails to separate
and affected individuals display facial abnormalities.
2. Semilobar holoprosencephaly is an intermediate form of the disease. The
brain hemispheres display a slight tendency to separate.
3. Lobar holoprosencephaly is the least severe form. The hemispheres are al-
most completely separated, the brain appears physiologically nearly normal.
In humans, holoprosencephaly is the most common brain abnormality, affecting 1
in 16,000 live-born children (Roach et al., 1975) and 1 in 250 miscarried foetuses
(Matsunaga and Shiota, 1977). Holoprosencephaly can have many reasons. Ge-
netic disorders can lead to HPE, but also exposure of the embryo to teratogenic
chemicals like ethyl alcohol or retinoic acid during pregnancy can result in HPE
(Cohen and Shiota, 2002). The molecular mechanisms leading to HPE are not
completely understood at present. Studies in the mouse show that the defect is
likely a result of defective patterning during the development of the area giving
rise to the forebrain.
1.3 Forebrain development
The forebrain (prosencephalon) is the rostral-most portion of the brain. Together
with the midbrain (mesencephalon) and the hindbrain (rhombencephalon) these
three primary portions of the brain are formed during early development. Later in
development, the forebrain separates into the diencephalon and the telencephalon.
The diencephalon can be further subdivided into the epithalamus, thalamus and
hypothalamus. Functionally, the diencephalon is responsible for linking the nervous
to the endocrine system and for relaying sensory information to the cerebral cor-
tex. The telencephalon can also be divided into subregions: limbic system, cerebral
cortex, basal ganglia, corpus striatum and olfactory bulbs.
In humans, the telencephalon serves the following major functions: attributing
motor function to the body, sensing of smell, formation of memory and emotional
sensation. In the mouse, the structures giving rise to the central nervous system
start forming approximately at day 8.5 of embryonic development. At this time
a specialized region of the ectoderm on the dorsal surface of the embryo termed
15
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neural plate starts folding in upon itself to form the neural tube. The process of
the flat neural plate forming into the cylindrical neural tube is termed neurulation
(Sadler, 2003). The rostral part of the neural tube is giving rise to brain structures,
whereas the caudal part develops into the spinal chord. Pathways that are involved
in neural tube patterning have also been implicated in the etiology of HPE.
In particular, alterations in the pathways that specify the dorsoventral axis of the
rostral neural tube may cause this syndrome. For example, increased dorsal signal-
ing through bone morphogenic proteins (Bmps) or through wingless type proteins
(Wnts) results in HPE (Golden et al., 1999). Also, loss of sonic hedgehog (Shh)
expression, a factor that specifies ventral cell fates in the neural tube (Rubenstein
et al., 1998; Inoue et al., 2000) leads to holoprosencephalic syndrome in humans
and mice (Chiang et al., 1996; Roessler et al., 1996). Recent findings suggest a
likely involvement of LRP2 in the Shh pathway in forebrain development, e. g.
McCarthy et al. (2002) showed that LRP2 binds Shh with high affinity and medi-
ates endocytosis of the morphogen. Internalized Shh was able to bypass lysosomal
degradation, implicating LRP2 as a new regulatory component of the Shh signaling
pathway (McCarthy et al., 2002).
1.3.1 The sonic hedgehog pathway
Sonic hedgehog is a secreted protein expressed in the notochord and in the floor-
plate that undergoes autocatalytic cleavage into a 19 kDa amino terminal (Shh-N)
and a 25 kDa carboxy terminal (Shh-C) domain. During cleavage, a cholesterol
moiety becomes covalently attached to Shh-N (Porter et al., 1996), the active
fragment that binds the receptor Patched (Ptch) (Ingham and McMahon, 2001).
This cholesterol modification is crucial for the proper activity of Shh-N (Porter
et al., 1996).
In the absence of sonic hedgehog, Ptch constitutively inhibits activity of the path-
way by binding to another transmembrane protein termed Smoothened (Smo).
Binding of Shh-N to Ptch results in the release of Smo and activation of down-
stream Shh target genes through glioma-associated oncogene (Gli) proteins (Ing-
ham and McMahon, 2001).
Expression of LRP2 in the yolk sac and in the neuroepithelium of the developing
embryo and its ability to take up lipoproteins suggest a possible function for the
receptor in delivery of cholesterol-rich lipoproteins from the maternal circulation
to the embryo for Shh activation (Farese and Herz, 1998). The idea that a lack
of cholesterol can lead to forebrain malformations is supported by experiments
16
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where pregnant rats received an inhibitor for cholesterol biosynthesis and were fed
a cholesterol free chow. Embryos, where the mother was subjected to this treat-
ment and that were depleted of cholesterol indeed displayed HPE (Lanoue et al.,
1997). A known genetic disorder in humans (Smith-Lemli-Opitz syndrome) that
affects cholesterol synthesis also leads to HPE (Kelley et al., 1996). Alternatively,
expression of LRP2 in the neuroepithelium and its ability to bind Shh indicates a
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2 Aim of this study
During the last years, our understanding of the members of the low-density lipopro-
tein receptor gene family has changed substantially. It was initially assumed that
the family members act mainly in the lipid metabolism but now it has become
clear that most members of this protein family are playing essential roles in more
biological processes than merely endocytosis.
Especially the generation of mouse models lacking specific receptors has proved
that most family members are part of important signaling cascades. The genera-
tion of LRP2-deficient mice by Willnow et al. in 1996 provided insights into this
receptor’s physiological function. Whereas the receptor’s function in the kidney
has been well characterized, the forebrain defects have only been described histo-
logically so far, the underlying mechanism remaining to be elucidated.
The aim of this study was to determine the role of LRP2 during early forebrain
development. The receptor is heavily expressed in the visceral endoderm of the
yolk sac and in the neuroepithelium of the developing embryo. In the yolk sac it
is considered to be important for the supply of the early embryo with lipids and
vitamins from the maternal circulation.
A role for the receptor in the neuroepithelium besides the described proliferative
defects seen in the AEP and MGE of lrp2 -/- embryos has not been established
yet. Theoretically, both sites of expression could be important for forebrain de-
velopment. To answer the question to what extent LRP2 in the embryo proper
respectively in the yolk sac contributes to the observed forebrain malformations, the
receptor’s function in these tissues should be dissected. This should be achieved
by conditional lrp2 gene inactivation in the embryo proper.
In addition to that, different signaling pathways important for forebrain develop-
ment should be analyzed by comparing the expression patterns of marker genes in
lrp2 knockout and wildtype embryos.
This study should provide new insights on how LRP2 contributes to the proper
formation of forebrain structures in the developing embryo.
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3 Material and Methods
3.1 Animal Experiments
3.1.1 Mouse husbandry
Mice were kept at standard conditions according to the German animal protection
act. The used wildtype mice were of mixed genetic background (129SvEmcTer
and C57BL/6N). The generation of mice with a targeted disruption of the lrp2
gene has been described (Willnow et al., 1996a). The lrp2 gene defect was an-
alyzed in receptor-deficient and somite-matched wildtype littermates on a hybrid
(129SvEmcTer x C57BL/6N) background.
For conditional inactivation of the lrp2 gene in the epiblast, animals homozy-
gous for a loxP-modified allele of the lrp2 gene (lrp2lox/lox) (Leheste et al., 2003)
were crossed with mice carrying a knock-in of the Cre transgene into the mes-
enchyme homeobox 2 gene locus Meox2 tm1(cre)Sor obtained from Jackson Labora-
tories (www.JAX.org) (Tallquist and Soriano, 2000). Embryos from breeding of
lrp2 lox/wt/Meox2 tm1(cre)Sor mice with lrp2 lox/lox animals were used for phenotypic
analysis following genotyping of embryo- or yolk sac-derived tissues.
Timed matings were set up in the evening to obtain embryos at different stages of
development. The presence of a vaginal plug in the morning was considered as day
0.5 post coitum (dpc). The embryos were harvested by sacrificing pregnant mice
according to the German animal protection act, staged by counting the somites
and further processed.
3.1.2 Zebrafish husbandry
Zebrafish were kept at standard conditions according to the German animal protec-
tion act. The used wildtype line was of the AB background. Embryos were kept in
egg water (60 µg/ml Instant Ocean Sea Salts, Aquarium Systems Inc, USA) with
or without 0,003% PTU (1-Phenyl-2-thiourea, Sigma, USA) to suppress pigmen-
tation and were staged by hours post fertilization (hpf) at 28.5◦C or by counting
somites (Kimmel et al., 1995).
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3.1.3 Morpholino Injections
Morpholino antisense oligonucleotides were purchased from GENE TOOLS, LLC,
USA. Sequences were chosen to target an exon splice donor site resp. the ATG re-
gion of the corresponding mRNA. This resulted in aberrant splicing of the mRNA,
resp. blocking of the translation initiation site. The Morpholinos were injected
at a concentration of 100 mM in sterile ddH2O using glass micropipettes and
a microinjector/micromanipulator setup (MPPI-2 Pressure Injector/ BP15 Back
Pressure Unit, Applied Scientific Instrumentation, USA; MM33 Micromanipula-
tor, Maerzhaeuser, Germany). One- to two-cell stage embryos were used for the
injection of approximately 4 nl Morpholino-solution. The effect of the splice-





3.1.4 Dye filtration experiments
1 mg/ml solutions of lysine-fixable 10 kDa dextran labeled with rhodamine
(10 kDa-RD; Molecular Probes, USA) and lysine-fixable 70 respectively 500 kDa
dextran labeled with fluoresceine (70 resp. 500 kDa-FD; Molecular Probes, USA)
were prepared in phosphate buffered saline (PBS; 137 mM NaCl, 2.7 mM KCl,
12.5 mM Na2HPO4, 1.7 mM KH2PO4, pH 7.4). Recombinant His-tagged RAP
(39 kDa) was custom-labeled with the Cy2TM bisfunctional reactive dye kit (Cy2-
RAP; Amersham, UK) according to manufacturer’s instructions.
The tracers were injected into the common cardinal vein (CCV) of embryos anaes-
thetized with 0.2 mg/ml tricaine (3-amino benzoic acid ethyl ester, Sigma, USA)
solution in egg water using the same setup as for injecting morpholinos. Uptake of
filtered tracer was evaluated 1 to 1.5 hrs after injection on whole mounts using a
fluorescent dissecting stereomicroscope (Leica MZ16F, Leica, Germany). Embryos
were then fixed in 4% paraformaldehyde (PFA), embedded in either Technovit
7100 (Heraeus Kulzer, Germany) or Tissue-Tek R© (Sakura, Japan) and sectioned
at 5 µm on a Leica RM 2155 or Leica Cryocut 3000 rotary microtome (Leica,
Germany).
22
3. MATERIAL AND METHODS
3.1.5 Acridine orange staining
Acridine orange (AO) is a vital dye that stains apoptotic cells, but not necrotic
cells (Barrallo-Gimeno et al., 2004). Zebrafish embryos were incubated in 5 µg/ml
AO solution for 1 hr in the dark at RT. The embryos were then washed three times
for 10 min with egg water at RT and analyzed using a fluorescence dissecting




LB 10 g/l bacto-tryptone, 5 g/l bacto-yeast extract,10 g/l NaCl;
pH 7.2
SOC 20 g/l bacto-peptone, 5 g/l bacto-yeast extract, 0.5 g/l NaCl,
0.17 g/l KCl, 0.95 g/l MgCl2, 3.6 g/l glucose; pH 7.0
LB-Agar LB-medium containing 15 g/l agar
3.2.2 Preparation of electrocompetent bacteria
A single colony of E. coli HB101 picked from a LB agar plate was used to inoculate
20 ml of LB medium in a 250 ml sterile flask. The cells were grown overnight with
vigorous aeration at 37◦C. The next day 10 ml of the cell suspension was diluted
into 1 l of LB medium and grown at 37◦C until the OD600 reached 0.5. The cell
suspension was then incubated on ice for 20 min and the cells were harvested by
centrifugation (4000xg; 15 min; 4◦C). The pellet was resuspended in 1 l of icecold
sterile 10% glycerol. Cells were again collected by centrifugation (4000xg; 15 min;
4◦C) and the pellet was resuspended in 500 ml of icecold sterile 10% glycerol.
The suspension was pelleted again (4000xg; 15 min; 4◦C) and resuspended in
20 ml icecold sterile 10% glycerol. After collecting (4000xg; 15 min; 4◦C) and
resuspending in 2 ml of 10% icecold sterile glycerol once more, the cells were
stored at -80◦C in 100 µl aliquots.
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3.2.3 Cryopreservation of bacteria
1 ml of an overnight culture of E. coli HB101 was mixed with 1 ml of 50% glycerol
and immediately frozen at -80◦C.
3.2.4 Transformation of bacteria with DNA
Electrocompetent E. coli HB101 cells were transformed with purified plasmid DNA
or directly with DNA-ligation reactions. An aliquot of electrocompetent HB101
cells was thawed on ice. 10 ng of plasmid DNA (or 1/3 of the ligation reaction) were
mixed with 40 µl of electrocompetent HB101 cell suspension and electroporated
at 1.8 kV.
The cell suspension was transferred from the cuvette to a 2.0 ml tube, mixed with
1 ml of SOC medium and incubated at 37◦C for 30 min. Cells were then collected
(2500xg; 5 min; RT) and resuspended in 100 µl of LB medium and plated on a
LB agar plate containing the appropriate selective agent.
3.3 Molecular biology methods
3.3.1 Isolation of plasmid DNA from bacteria
5 ml of LB medium were inoculated with a single colony of E. coli HB101 picked
from a LB agar plate containing the appropriate selection marker. The LB culture
was grown overnight at 37◦C with vigorous shaking.
The next day the cells were collected by centrifugation (14000xg; 5 min; RT). The
pellet was resuspended in resuspension buffer (50 mM Tris-HCl, 10 mM EDTA,
100 µg/ml RNase A; pH 8.0) and subsequently lysed by adding an equal volume
of lysisbuffer (200 mM NaOH, 1% SDS (w/v)). The solution was mixed cau-
tiously with an equal volume of neutralization buffer (3.0 M K-acetate; pH 5.5)
and incubated on ice for 15 min. Cellular debris and genomic DNA were re-
moved by centrifugation of the solution (14000xg; 20 min; 4◦C). Remaining
proteins were removed by extracting the supernatant with an equal volume of
phenol/chloroform/isoamylalcohol (25:24:1) followed by centrifugation (14000xg;
5 min; RT) to separate the phases. The upper, aqueous DNA containing phase
was mixed with 2.5 volumes of 100% ethanol and the DNA was precipitated by
centrifugation (14000xg; 20 min; 4◦C). The pellet was washed once with 70%
ethanol and resuspended in 50 µl of TE-buffer (10 mM Tris-HCl, 1 mM EDTA;
pH 8.0). The purified plasmid DNA was stored at -20◦C.
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3.3.2 Isolation of genomic DNA from tissue samples
Tissue for isolating genomic DNA was obtained by subjecting adult mice to a tail
biopsy, respectively adult zebrafish to a tailfin biopsy. Yolk sac tissue was used to
isolate DNA for genotyping mouse embryos. DNA was isolated by incubating the
tissue with Protease K in tail buffer (10 mM Tris-HCl, 0.3 M Na-Acetate, 0.1 mM
EDTA, 1% SDS (w/v); pH 7.0) at a final concentration of 0.5 mg/ml for several
hours to overnight at 52◦C. Proteins were removed by extracting with an equal
volume of phenol/chloroform/isoamylalcohol (25:24:1) followed by centrifugation
(14000xg; 5 min; RT) to separate the phases. The upper, aqueous DNA containing
phase was mixed with 2.5 volumes of 100% ethanol. The precipitate was collected
by centrifugation (14000xg, 10 min, 4◦C) washed once with 70% ethanol and
redissolved in TE-buffer (10 mM Tris-HCl, 1 mM EDTA; pH 8.0). Isolated genomic
DNA was stored at 4◦C.
3.3.3 Isolation of total RNA from tissue samples
Total RNA was isolated with the TRIZOL R© reagent from Invitrogen, USA. Tis-
sue samples were homogenized in 1 ml of TRIZOL R© reagent per 50-100 mg of
tissue and incubated for 5 min at RT. 0.2 ml of chloroform were added to the
homogenate per 1 ml of TRIZOL R© reagent. Samples were shaken vigorously by
hand for 15 seconds and incubated at RT for 3 min. The phases were separated by
centrifugation (12000xg; 15 min; RT). Following centrifugation, the upper aque-
ous phase was transferred to a fresh tube and precipitated by adding 0.5 ml of
isopropyl alcohol per 1 ml of TRIZOL R©. The RNA was collected by centrifugation
(12000xg, 10 min, 4◦C) and washed once with 1 ml of 70% ethanol per 1 ml
TRIZOL R©. The pellet was air-dried for 10 min redissolved in RNase-free water
and stored at -80◦C.
3.3.4 DNA and RNA concentration determination
The concentration of DNA and RNA samples was determined spectrophotometri-
cally at a wavelength of 260 nm (OD260) since the concentration of DNA and RNA
is a direct function of the optical density at this wavelength. For DNA, an OD260
of 1.0 equals a concentration of 50 µg/ml of double stranded DNA, for RNA an
OD260 of 1.0 equals a concentration of 40 µg/ml of RNA.
DNA quality measurement was done by measuring the OD280 because proteins ab-
sorb UV-light maximally at this wavelength. Pure DNA solutions have an OD260:
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OD280 ratio of 1.8. A lower ratio indicated contamination of the sample with
proteins.
3.3.5 Enzymatic digest of DNA
The appropriate amount of DNA was incubated with the corresponding restric-
tion enzyme(s) and buffer at a ratio of 0.5 U emzyme/µg DNA. The digest was
incubated at 37◦C for 2 hrs to overnight. All restriction enzymes were obtained
from New England Biolabs, USA. After incubation, the digest was either column
purified or subjected to gel electrophoresis to isolate the fragment of interest.
3.3.6 Agarose gel electrophoresis of DNA and RNA
DNA and RNA fragments were separated according to their molecular weight on
0.8-2.0% agarose gels. Ethidium bromide was added to the gel at a final concen-
tration 0.5 µg/ml to facilitate visualization of the DNA resp. RNA fragments after
electrophoresis.
3.3.7 Isolation of DNA from agarose gels
Polymerase chain reaction (PCR) products or DNA digests were resolved on 0.8-
1.2% agarose gels containing ethidium bromide. By exposing the agarose gel to
UV-light, the DNA was visualized and bands of interest were cut from the gel. The
DNA was extracted using the High Pure PCR Product Purification Kit from Roche,
Switzerland. The gel slice was incubated with binding buffer (3 M guanidine-
thiocyanate, 10 mM Tris-HCl, 5% ethanol (v/v); pH 6.6) at a ratio of 300 µl
buffer/100 mg agarose at 52◦C until the gel slice was completely dissolved. The
sample was transferred to a filter column and subjected to centrifugation (14000xg,
1 min, RT). The filter column was washed two times with 500 µl washing buffer
(2 mM Tris-HCl, 20 mM NaCl, 80% ethanol (v/v); pH 7.5) and the DNA was
eluted with 50 µl elution buffer (10 mM Tris-HCl; pH 8.5) and stored at -20◦C.
3.3.8 Ligation of PCR-products in the pGEM-T Easy Vector
The PCR-reaction-mix was separated electrophoretically on a 0.8-1.2% agarose-gel,
and the band of interest cut from the gel and column purified. Ligation of PCR-
Products with the pGEM-T R© Easy Vector (Promega, USA) was done according to
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the manufacturers instructions: 5-10 ng of the PCR-product were incubated with
5 µl 2X Rapid Ligation Buffer R©, 30 ng of pGEM-T Easy Vector and 3 U of T4
DNA-Ligase. The volume of the reaction setup was adjusted to 10 µl with H2O
and incubated at 16◦C overnight. The next day 1/3 of the ligation reaction was
used to transform electrocompetent E. coli HB101.
3.3.9 Polymerase chain reaction
If not stated otherwise PCR was carried out according to the following parameters:
50 ng of template DNA were incubated in the presence of 250 µM dNTPs, 300 nM
forward primer, 300 nM reverse primer, 2 units AmpliTaq Gold DNA-Polymerase
(Perkin-Elmer, USA), 0.01% Triton X-100 (v/v), 50 mM KCl, 10 mM Tris-HCl,
1.5 mM MgCl2 and 0.001% (w/v) gelatin; pH 8.3 in a thermocycler. During the
first cycle the reaction mix was denatured at 95◦C for 10 min, primers were allowed
to anneal at 60◦C for 1 min and DNA synthesis was carried out at 72◦C for 1 min.
For the following 35 cycles the reaction mix was denatured at 95◦C for 45 sec,
annealed at 60◦C for 45 sec and elongated at 72◦C for 45 sec. This was followed
by a final elongation step at 72◦C for 10 min. The reaction mix was then cooled
down to 4◦C and further processed.
3.3.10 Primer sequences
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Mouse specific primer

























Generation of cDNA from RNA was done using the Sensiscript R© Reverse Tran-
scription Kit (Qiagen, Germany). 50 ng of total RNA were incubated with 2.0 µl
10x Buffer RT, 2.0 µl dNTP Mix (5 mM each dNTP), 1 µM Oligo-dT primer,
10 U RNase inhibitor and 1.0 µl Sensiscript R© Reverse Transcriptase. The volume
of the reaction setup was adjusted to 20 µl with H2O and incubated at 37
◦C for
60 min. The reaction mix was then stored at -20◦C.
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3.3.12 In vitro transcription of digoxigenin labeled RNA
Digoxigenin (DIG)-labeled Probes for in situ hybridization (ISH) were generated us-
ing the DIG labeling kit (Roche, Switzerland). 1µg of linearized template plasmid-
DNA was incubated with transcription buffer(40 mM Tris-HCl, 6 mM MgCl2,
10 mM dithiothreitol, 2 mM spermidine; pH 8.0), 1 mM ATP, 1 mM GTP, 1 mM
CTP 0.65 mM UTP, 0.65 mM DIG-11-UTP, 40 U RNA Polymerase and 20 U
RNase Inhibitor. The volume of the reaction was adjusted to 20 µl and incubated
for 2 hrs at 37◦C. Template DNA was removed by incubating the reaction setup
with 20 U DNase I at 37◦C for 15 min. The RNA was purified using the RNeasy
Mini Cleanup Kit (Qiagen, Germany).
3.3.13 In situ probes
The source of the probes is given in brackets after the gene name. Probes where the
source was cDNA were obtained by amplifying a 500-600 bp fragment of the corre-
sponding cDNA using the primers listed in section 3.3.10 Mouse specific primer”,
resp. ”Zebrafish specific primer”. The obtained PCR product was subcloned into
the pGEM-T R© Easy Vector and sequenced to verify the orientation and identity
of the insert as described. The source for probes that were not generated from
cDNA but obtained from other workgroups is listed along with the gene name in
the following tables.
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Mouse specific probes
Gene name Probe Restr.-site Promotor
bone morphogenic protein 4 (J.
Huelsken, ISREC, Epalinges)
bmp4 EcoRV Sp6
distal-less homeobox 2 (J. Rubenstein,
UCSF, San Francisco)
dlx2 EcoRI T3
fibroblast growth factor 8 (W. Birch-
meier, MDC, Berlin)
fgf8 BamHI T7
glioma-associated oncogene homolog 1
(A. Joyner, MSRI, Toronto)
gli1 NotI T3
glioma-associated oncogene homolog 2
(J. Huelsken, ISREC, Epalinges)
gli2 Hind III T7
glioma-associated oncogene homolog 3
(J. Huelsken, ISREC, Epalinges)
gli3 Hind III T7
hepatocyte nuclear factor 3ß (B.
Hogan, VUMS, Nashville)
hnf3ß XmnI I T7




factor 2 (W. Birchmeier, MDC, Berlin)
olig2 EcoRI T7
paired box DNA binding protein 6 (C.
Bönsch, MDC, Berlin)
pax6 EcoRI Sp6
patched protein homolog 1 (J.
Huelsken, ISREC, Epalinges)
ptc1 Sal I T3
sonic hedgehog (A. McMahon, Harvard
University, Cambridge)
shh Hind III T3
thyroid transcription factor 1 (W.
Birchmeier, MDC, Berlin)
nkx2.1 Sal I T3
wingless-type integration site family
member 1 (W. Birchmeier, MDC,
Berlin)
wnt1 Sal I T7
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Zebrafish specific probes
Gene Probe Restr.-site Promotor
cubilin (S. Seyfried, MDC,
Berlin)
cub NotI T3
disabled homolog 2 (cDNA) dab2 Sac II Sp6
low density lipoprotein receptor
related protein 2 (cDNA)
lrp2 Sal I T7
oligodendrocyte lineage tran-
scription factor 2 (cDNA)
olig2 Sac II Sp6
paired box DNA binding protein
2.1 (N. Hastie, HGMPRC, Edin-
burgh)
pax2.1 BamHI T7
sonic hedgehog (S. Seyfried,
MDC, Berlin)
shh Hind III T7
thyroid transcription factor 1
(cDNA)
nkx2.1 Sal I T3
wilms tumor gene 1 (N. Hastie,
HGMPRC, Edinburgh)
wt1 ApaI T7
3.3.14 ISH on whole-mount mouse embryos
Mouse embryos were dissected in PBS and fixed overnight in 4% (PFA) in PBS.
After fixation the embryos were dehydrated through a series of graded methanol
solutions: 25%, 50%, 75% and 100% methanol in PBS, containing 0.1% Triton
X-100 (PBT) for 10 min each and stored at -20◦C until use. For ISH, embryos were
rehydrated through a series of graded methanol solutions (reverse of above) and
punctured (eyes, hindbrain, heartsac) to facilitate penetration of solutions. Speci-
mens were washed two times for 10 min in PBT and bleached in PBT containing
6% H2O2 for 1 hr. After washing with PBT for 5 min the embryos were perme-
abilized with 10 µg/ml Proteinase K in PBT for 20 min at RT. The proteinase K
digest was stopped by washing with 2 mg/ml glycine in PBT for 5 min, followed
by two additional washes in PBT. Next, the embryos were refixed with 4% PFA
containing 0.2% glutaraldehyde for 20 min at RT, and washed twice with PBT for
5 min. The embryos were then incubated with prehybridization solution (750 mM
NaCl, 75 mM Na3Citrate, 50% formamide, 50 µg/ml heparin, 100 µg/ml torula
yeast RNA, 0.1% Triton X-100; pH 4.5) for 3 hrs at 65◦C. After prehybridization
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the embryos were incubated overnight at 65◦C with the DIG-labeled RNA probe
in fresh prehybridization buffer at a final concentration of 1 µg/ml.
The next day, the embryos were washed extensively in a series of buffers of in-
creasing stringency: 2 times for 30 min at 65◦C with wash-solution I (600 mM
NaCl, 60 mM Na3Citrate, 50% formamide, 1 %SDS; pH 4.5), 2 times for 30 min
at 65◦C with wash-solution II (300 mM NaCl, 30 mM Na3Citrate, 50% formamide;
pH 4.5) and 3 times for 10 min at RT with Tris buffered saline, containing 1%
Tween (TBST; 140 mM NaCl, 2.7 mM KCl, 2.5 M Tris-HCl, 1% Tween; pH 7.5).
After washing, the embryos were blocked with TBST containing 10% sheep serum
for 3 hrs at RT, and incubated with an anti-digoxigenin-alkaline-phosphatase (anti-
DIG-AP) conjugate at a dilution of 1:2000 overnight. The anti-DIG-AP was pre-
absorbed with embryopowder (3 mg/ml) in TBST at a dilution of 1:400 for 3 hrs
at 4◦C before use. Unspecifically bound antibody was removed the next day by
three brief washes for 5 min, 5 washes for 1 hr at RT and a single wash overnight
at 4◦C, all in TBST.
The next day, embryos were washed 3 times for 10 min in staining buffer (NTMT,
100 mM NaCl, 100 mM Tris-HCl, 50 mM MgCl2, 0,1% Triton X-100; pH 9.5) be-
fore they were incubated with NTMT containing 1.88 mg/ml nitro blue tetrazolium
chloride (NBT) and 0.94 mg/ml 5-Bromo-4-chloro-3-indolyl phosphate (BCIP).
BCIP is the AP-substrate which reacts further after the dephosphorylation to give
a dark-blue indigo dye as an oxidation product. NBT serves herein as the oxidant
and gives also a dark-blue dye. The staining reaction was stopped by washing the
embryos 3 times for 10 min at RT in NTMT, followed by a 4 hrs incubation in
PBT pH 5.3 at RT. The embryos were refixed in 4% PFA containing 0.1% Glu-
taraldehyde (GTA) for 20 min at RT and cleared by incubating in 25%, 50%, 70%
and 80% glycerol in PBS for 5 min each at RT. The embryos were stored at 4◦C
in the dark.
3.3.15 ISH on whole-mount zebrafish embryos
Zebrafish embryos were dechorionated and fixed overnight in 4% PFA in PBS.
After fixation the embryos were dehydrated through a series of graded methanol
solutions: 25%, 50%, 75% and 100% methanol in PBS, containing 0,1% Triton
X-100 (PBT) for 5 min each and stored at -20◦C until use.
For ISH, embryos were rehydrated through a series of graded methanol solutions
(reverse of above) and washed 4 times 5 min at RT in PBT. This was followed
by a digest with proteinase K (10 µg/ml) in PBT for 30 min at RT. The digest
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was stopped by washing 3 times with PBT for 1 min at RT. The embryos were
refixed in 4% PFA in PBS for 20 min at RT and washed 5 times for 5 min at
RT. Specimens were then incubated for at least 2 hrs in prehybridization buffer
(750 mM NaCl, 75 mM Na3Citrate, 50% formamide, 50 µg/ml heparin, 500 µg/ml
torula yeast RNA, 0.1% Triton X-100; pH 4.5). After prehybridization the embryos
were incubated overnight at 67◦C with the DIG-labeled RNA probe in fresh prehy-
bridization buffer at a final concentration of 1 µg/ml.
The next day, the embryos were washed extensively with a series of buffers of in-
creasing stringency: 1 time for 20 min at 67◦C with prehybridization buffer, 3 times
20 min at 67◦C with wash-solution I (150 mM NaCl, 15 mM Na3Citrate; pH 4.5,
50 % formamide), 1 time for 20 min at 67 ◦C with wash-solution II (150 mM
NaCl, 15 mM Na3Citrate; pH 4.5, 25% formamide), 2 times 20 min at 67
◦C with
wash-solution III (150 mM NaCl, 15 mM Na3Citrate; pH 4.5), 4 times 30 min
at 67◦C with wash-solution IV (30 mM NaCl, 3 mM Na3Citrate; pH 4.5) and 1
time for 5 min with PBT at RT. After washing the embryos were blocked in PBT
containing 5% sheep serum and 10 mg/ml bovine serum albumin (BSA) for 2 hrs
at RT and incubated with an anti-digoxigenin-alkaline-phosphatase (anti-DIG-AP)
conjugate at a dilution of 1:2000 overnight in PBT containing 2 mg/ml BSA. The
anti-DIG-AP was preabsorbed with smashed zebrafish embryos in PBT containing
2 mg/ml BSA at a dilution of 1:400 for 3 hrs at 4◦C before use. Unbound anti-
DIG-AP was washed off the next day by incubating the embryos 8 times for 30 min
at RT in PBT. The embryos were then incubated 3 times 5 min in staining buffer
(NTMT, 100 mM NaCl, 100 mM Tris-HCl, 50 mM MgCl2, 0,1% Triton X-100;
pH 9,5) and then in NTMT containing 1.88 mg/ml nitro blue tetrazolium chloride
(NBT) and 0.94 mg/ml 5-Bromo-4-chloro-3-indolyl phosphate (BCIP). The stain-
ing raction was stopped by washing the embryos 3 times 5 min in Stop-solution
(50 mM NaH2PO4/Na2HPO4, 1 mM EDTA, 0.1% Tween; pH 5.8). Embryos were
stored in 80% glycerol in Stop-solution at 4◦C.
3.3.16 Genotyping of mice
Polymerase chain reaction (PCR) was used to genotype the lrp2 -/- as well as the
lrp2 lox/lox and the Meox2 tm1(cre)Sor animals.
The primerpair BPA/g21 amplified a 300 bp fragment that was specific for the
knockout allele of lrp2, primerpair g20/g21 amplified a 200 bp fragment specific for
the wildtype allele of lrp2. The tissue specific lrp2 lox/lox animals had to be screened
using the primerpair morefor/moreref that amplified a 400 bp fragment specific
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for the wildtype lrp2 allele, whereas the primerpair morefor/morecre amplified a
300 bp fragment specific for the loxP modified lrp2 allele. These animals had
to be screened additionally for the the Meox2 tm1(cre)Sor gene locus. Primerpair
TKP2/G15 amplified 500 bp of the cre modified Meox2 allele and primerpair
LAKA/G15 amplified a 500 bp fragment that was specific for the wildtype Meox2
allele.
3.3.17 Membrane extracts
To specifically enrich membrane or membrane-associated proteins, the sample tis-
sue was smashed using a micropestel or a homogenizer in a minimal volume of
solution A (20 mM Tris-HCl, 2 mM MgCl2, 0.25 mM Sucrose, 250 µM PMSF;
pH 7.5). The cellular debris was removed by a centrifugation step at a low g-force
(1000xg, 10 min, 4◦C). Nuclei were removed by an additional centrifugation step
at a medium g-force (10000xg, 10 min, 4◦C). Finally, the supernatant was ultra-
centrifuged at a high g-force (100000xg, 45 min, 4◦C) to pellet the membrane
fraction. The pellet was resuspended in 40 µl of solution B (50 mM Tris-HCl,
2 mM MgCl2 , 80 mM NaCl, 1 mM PMSF; pH 8.0) and stored at -80
◦C until
use. For western blotting, 50 µg of membrane extract were applied to a 8-12%
SDS-polyacrylamide-gel.
3.3.18 Protein concentration determination
Protein concentration was determined spectrophotometrically at a wavelength of
595 nm (OD595) as described by Bradford (1976). The procedure is based on the
formation of a complex between the dye Brilliant Blue G, and proteins in solution.
The protein-dye complex causes a shift in the absorption maximum of the dye from
465 to 595 nm. The extent of absorption is proportional to the amount of protein
present. Samples containing known concentrations of bovine serum albumin (BSA)
were used as standard.
3.3.19 SDS polyacrylamide gel electrophoresis of proteins
Proteins were separated depending on their molecular weight on continuous or
gradient gels (for separation of proteins of high and low molecular weight at the
same time) containing 8-12% polyacrylamide (PA). If not stated otherwise, 50 µg
of protein were mixed with sample buffer, incubated for 5 min at 95 ◦C and resolved
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at 20-100 V (2-10 V/cm)in SDS-PAGE running buffer (196 mM glycine, 0.1% SDS,
50 mM Tris-HCl pH 8.4) After electrophoresis the gels were either subjected to
western blotting or to coomassie brilliant blue staining.
3.3.20 Western blotting
Western blotting was used to transfer proteins electrophoretically from a damage-
able polyacrylamide gel to a more robust support. The setup in the transfer case
was as follows: Scotch Brite Pad (3M, USA), then Whatman paper (3M, USA),
PA-gel, Hybond-C nitrocellulose membrane (GE Healthcare, USA), Whatman pa-
per and Scotch Brite Pad. The assembled case was inserted in the case holder
and put into the transfer chamber filled with transfer buffer (25 mM Tris-HCl,
192 mM Glycine; pH 8.4). The transfer was run at 100 V for 2 hrs or at 20 V
overnight. The efficiency of the transfer was evaluated by staining the membrane
with Ponceau S staining solution (0.1%(w/v) Ponceau S in 5%(v/v) acetic acid)
to visualize the protein bands.
The membrane was then incubated with blocking solution (133 mM NaCl, 1.7 mM
KCl, 4.3 mM Na2HPO4, 1.4 mM KH2PO4, 0.08% Tween 20, 5% FCS, 5% dry milk
powder; pH 7.4) for 1 hr at RT.
The primary antibody was applied in binding buffer (133 mM NaCl, 1.7 mM KCl,
4.3 mM Na2HPO4, 1.4 mM KH2PO4, 0.08% Tween 20, 5% dry milk powder;
pH 7.4) at a dilution of 1:100-1:1000, depending on the antibody. Incubation
with the primary antibody was carried out at 4◦C overnight with rocking. Un-
specifically bound antibody was removed the next day by washing the membrane
2 times 15 min in wash-buffer I (133 mM NaCl, 1.7 mM KCl, 4.3 mM Na2HPO4,
1.4 mM KH2PO4, 0.08% Tween 20, 0.1%SDS, 1% NP-40; pH 7.4) and two times
in wash-buffer II (133 mM NaCl, 1.7 mM KCl, 4.3 mM Na2HPO4, 1.4 mM KH2PO4,
0.08% Tween 20; pH 7.4). The membrane was then incubated with the peroxidase-
conjugated secondary antibody at a dilution of 1:1000 in binding buffer for 1 hr
at RT. After washing 2 times 15 min with wash-buffer I and 2 times 15 min with
wash-buffer II, the membrane was incubated with detection solution (Super Signal
West PicoStable Peroxide/Luminol Enhancer solution, Pierce, USA). Bands were
detected using a CCD-camera (Fujifilm LAS-1000/ Intelligent Dark Box, Fujifilm,
Japan).
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3.3.21 Coomassie brilliant blue staining of SDS-PAGE-gels
Coomassie brilliant blue staining is based on the binding of the dye coomassie
brilliant blue R250, which binds nonspecifically to proteins. For staining, the gel
was incubated with coomassie blue staining solution (0.025% coomassie brilliant
blue R250, 40% (v/v) methanol, 7% (v/v) acetic acid) for 4 hrs to overnight. The
next day, the gel was transferred to destaining solution I (40% (v/v) methanol, 7%
(v/v) acetic acid), incubated for 30 min and transferrred to destaining solution II
(7% (v/v) acetic acid, 5% (v/v) methanol). Destaining solution II was changed
several times until the background was clear. The stained gel was imaged and
dried to preserve.
3.3.22 In vitro analysis of protein-protein binding
Binding of Bmp4, Bmp5, and Wnt1 to LRP2 was quantified by BIAcore (Biosensor,
Sweden) as described previously (Moestrup et al., 1998). A continuous flow of HBS
buffer (10 mM HEPES, 3.4 mM EDTA, 150 mM NaCL, 0.005% surfactant P20; pH
7.4) passing over the sensor surface was maintained at 5 µl/min. The carboxylated
dextran matrix of the sensor chip flow cell was activated by injection of 60 µl of
a solution containing 0.2 M n-ethyl-N’-(3dimethylaminopropyl)carbodiimide and
0.5 M N-hydroxysuccimide in water. Then 120 µl of 10 mM sodium acetate (pH
4.5) containing 0.33 µg/µl purified rabbit LRP2 (Hannelore Schulz, MDC, Berlin)
were injected. The remaining binding sites were blocked by subsequent injection
of 35 µl 1 M ethanolamine (pH 8.5). The surface plasmon response signal from
immobilized LRP2 generated 15,167 BIAcore response units (RU) equivalent to
23.45 fmol/mm2 immobilized LRP2. To test binding, immobilized rabbit LRP2
on the sensor chip was incubated with 0.5 µmol/l recombinant human Bmp4
or Bmp5 (Research and Development, USA) or with 20-fold concentrated Wnt1
medium (Olav Andersen, MDC, Berlin) in 10 mM HEPES, 150 mM NaCl, 1.5 mM
CaCl2, 1 mM EGTA; pH 7.4, and the relative increase in response between LRP2
and control flow channels was determined. Kinetic parameters were determined by
using the BIAevaluation 3.0 software.
3.3.23 In vivo uptake and degradation studies
Bmp4 was radiolabeled with 125I using the IODO-GEN R© iodination reagent
(1,3,4,6-tetrachloro-3α-6α-diphenylglycouril, Pierce, USA). This method labels ex-
posed tyrosine residues of the protein (Fraker and Speck, 1978) with 125I. 100 µg of
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recombinant Bmp4 (Research and Development, USA) in PBS were incubated with
500 µCi of Na125I in pre-coated iodination tubes (Pierce, USA) for 10 min at RT.
The reaction was stopped by removing from the tube and unincorporated Na125I
was removed subsquently by column-purification (PD-10 desalting columns, Amer-
sham, USA). The specific activity of the iodinated Bmp4 was 3.1x108 cpm/µg.
For cell uptake studies, replicate monolayers of rat choriocarcinoma (BN16) cells
were incubated for 2 hrs with 1.6 ng/ml of 125I-Bmp4 in the presence of buffer,
200 µmol/l chloroquine or 100 µg/ml RAP. The amount of excreted lysosomal
degradation products of 125I-Bmp4 protein was determined to measure the rate of
endocytosis. After 2 hrs, the medium was removed and mixed with trichloracetic-
acid to precipitate the not endocytosed 125I-Bmp4 in solution. Short peptides that
were generated by lysosomal degradation cannot be precipitated by this treatment.
After precipitation of the proteins the specific activity of the supernatant was mea-




For paraffin sections tissue samples were fixed overnight in 4% PFA in PBS at 4◦C.
After fixation the samples were dehydrated through a series of graded ethanol/PBS
solutions for 2 hrs each step: 70%, 80%, 90%, 96% and 100% ethanol. Following
dehydration, the samples were incubated 2 times for 2 hrs in Roti-Histol R© (Roth,
Gemany). The samples were preinfiltrated with paraffin for 2 hrs at 67◦C and
finally infiltrated with fresh paraffin overnight at 67◦C. The next day, the samples
were embedded in molds and stored at 4◦C until use. If not otherwise stated,
sectioning was done at 5 µm on a rotary microtome (Leica, Germany). Slides were
stored at 4◦C until further processing.
3.4.2 Plasticsections
Samples were embedded in Technovit 7100 (Heraeus Kulzer, Germany) according
to the manufacturer’s instructions: specimens were fixed and dehydrated as de-
scribed for ”Paraffin sections”, followed by a pre-infiltration with 50% ethanol/50%
Technovit 7100 (v/v) for 2 hrs at RT. Next, samples were infiltrated with Tech-
novit 7100 containing 1% (w/v) hardener I for 2 hrs at RT. Finally specimens were
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embedded in Technovit 7100 containing 1% hardener I and 6% (v/v) hardener II.
After polymerisation, samples were cut at 5 µm on a rotary microtome (Leica,
Germany). Slides were stored at 4◦C until further processing.
3.4.3 Cryosections
Specimens were fixed for 1 hr at RT in 4% PFA and incubated in 30% sucrose/PBS
overnight. The next day, embryos were transferred to Tissue-Tek R© OCT (Sakura,
Japan) and slowly cooled down in ethanol containing dry ice. The samples were
then dissected at 5 µm on a rotary cryotome (Leica, Germany). Slides were stored
at -80◦C until further processing.
3.4.4 Counterstaining of sections
Paraffin sections were counterstained using hematoxilin and eosin. Hematoxylin
specifically stains nuclei whereas eosin stains the cytoplasms of cells. The sections
were deparaffinized by two incubations in Roti-Histol R© (Roth, Germany), rehy-
drated by subsequent washes in 100%, 80%, 50%, 30% ethanol and H2O. The
slides were incubated for 4 min with Mayer’s hematoxylin solution (5% (w/v) alu-
minum potassium sulphate, 0.1% (w/v) hematoxylin, 0.02% (w/v) sodium iodate,
2% (v/v) glacial acetic acid; Roth, Germany) and rinsed for 5 min with tap water.
Incubating in acid alcohol (70% (v/v) ethanol, 0.25% (v/v) concentrated hydrogen
chloride acid) for 45 sec was followed by a second rinse with tap water for 5 min.
After two dips in 96% ethanol, the sections were incubated with eosin staining
solution (90% ethanol, 0.1% eosin; Roth, Germany) for 45 sec and washed imme-
diately 5 times with isopropanol. The slides were dipped 2 times in Roti-Histol R©,
dried and mounted with Histo-clear R© (Roth, Germany).
Plastic sections were counterstained using Orange G (Sigma-Aldrich, USA), stain-
ing the cytoplasms of tissues. The sections were incubated for 30 sec with Orange
G staining solution (0.5% (w/v) Orange G in ethanol), rinsed with tap water for
2 min, dried and mounted with Histo-clear R© (Roth, Germany).
3.4.5 Immunohistchemistry on cryosections
The slides were removed from the -80◦C freezer and allowed to equilibrate at RT
for 10 min. After equilibration, the slides were dried at 37◦C for 30 min, fixed in
1% PFA, washed 2 times in TBS (50 mM Tris-HCl, 150 mM NaCl; pH 7.4) for
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5 min and two times in TBS containing 0.025% Triton X-100 (TBST) for 5 min.
Sections were then blocked for 2 hrs at RT with TBS containing 10% donkey
serum and 1% BSA. The slides were drained for a few seconds and incubated
with the primary antibody (rabbit-anti-Rab4 (1:100), Abcam, UK; rabbit-anti-
LRP2 (1:100), Joachim Herz, University of Texas, USA; rabbit-anti-TuJ1 (1:500),
BabCO, USA; rabbit-anti-P-Smad1/5/8 (1:100), Cell Signaling Technology, USA)
in TBS containing 1% BSA at 4◦C overnight. The next day, the slides were
washed 2 times for 5 min with TBS at RT and the secondary antibody (Cy3 or
Cy5 conjugated goat-anti-rabbit (1:400), Jackson Immuno Research Laboratories,
USA) was applied in TBS with 1% BSA for 1 hr at RT. Before mounting with
glycerol gelatine, the slides were washed 2 times in TBS for 5 min.
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4 Results I: Mouse
4.1 Forebrain defects in mice with epiblast-specific lrp2 gene
disruption
During early development, LRP2 is expressed in the visceral endoderm of the yolk
sac and in the neuroepithelium (Figure 6 A, B). Conceivably, lack of lrp2 expression
in either the embryonic or the extra-embryonic tissues (or both) may be responsible
for the brain malformations in mice lacking the receptor. To dissect the contri-
butions of both tissues to the occurrence of forebrain defects, conditional gene
targeting was used to inactivate the lrp2 gene specifically in the embryo proper
and retain gene expression in the yolk sac.
A mouse line carrying a lrp2 gene modified by loxP sites (lrp2 lox/lox) was used to
achieve tissue-specific receptor gene inactivation (Leheste et al., 2003). Lrp2 lox/lox
animals were bred with mice carrying the cre recombinase gene under control
of the mesenchyme homeobox 2 gene promoter (Meox2 tm1(cre)Sor), directing cre
gene expression to the epiblast (Tallquist and Soriano, 2000). Consistent with this
strategy, embryos homozygous for the loxP-modified lrp2 -gene and carrying the
cre transgene (lrp2 lox/lox/Meox2 tm1(cre)Sor) lacked expression of the receptor in the
neuroepithelium (Figure 6 E) but not in the yolk sac (Figure 6 D).
Despite normal expression of LRP2 in the visceral endoderm of the yolk sac,
lrp2 lox/lox/Meox2 tm1(cre)Sor embryos suffered from similar brain defects compared
to lrp2 -/- embryos (Figure 6 C, F), demonstrating that LRP2 activity in the embryo
proper is required for brain development. The cre-mediated inactivation of the lrp2
gene in the epiblast of lrp2 lox/lox/Meox2 tm1(cre)Sor embryos was inefficient, only
1 in 30 embryos showed complete loss of receptor expression in the neuroepithe-
lium. Therefore, mainly lrp2 -/- animals were used for the following experiments.
However, key findings were confirmed in mice with epiblast-specific receptor gene
defect.
4.2 Absence of shh expression in the AEP of lrp2-deficient
embryos
Embryos lacking functional LRP2 protein display a reduced epithelial wall thickness
in the ventral neuroepithelium compared to wildtype embryos (Figure 4 A-C, F-H).
Consistent with this finding, cell proliferation in distinct areas of the ventral fore-
brain, termed anterior entopeduncular area (AEP) and medial ganglionic eminence
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Figure 6: Forebrain abnormalities and LRP2 expression pattern in E14.5 embryos with
conditional lrp2 gene inactivation. (A, B, D, E) Immunohistological detection of LRP2
in yolk sac (A, D) and neuroepithelium (B, E) of E14.5 embryos. Lrp2 lox/lox em-
bryos express the receptor in the yolk sac (A) and the neuroepithelium (B), whereas
lrp2 lox/lox/Meox2 tm1(cre)Sor embryos express the receptor in the yolk sac (D) but not in
the neuroepithelium (E). (C, F) Exencephalus in E14.5 embryos with ubiquitous (lrp2 -/-
, C) or with epiblast-specific (lrp2 lox/lox/Meox2 tm1(cre)Sor, F) lrp2 gene knockout.
(MGE), was found to be significantly reduced in lrp2 -/- embryos (Figure 4 D, I).
Because Shh stimulates proliferation of cell populations in these areas of the ventral
forebrain, alterations in the expression of this morphogen as a possible reason for
the defects in LRP2-deficient embryos were tested. As seen by in situ hybridization
(ISH), shh is expressed in the notochord, floorplate and ventral prosencephalon at
E9.5 (Figure 7 A, B). No differences in this pattern were seen when comparing
wildtype and knockout embryos (Figure 7 A, B). However, the situation changed
at E10.5. While expression of shh in most embryonic tissues, including notochord,
floorplate, limb buds and ventral diencephalon, was unaffected in lrp2 -/- embryos,
specific loss of the shh signal in the ventral region of the telencephalon anterior
to the optic recess was observed (Figure 7 D, arrowhead). By close inspection of
frontal head aspects, the shh signal lacking in lrp2 knockout embryos (Figure 7 E,
arrowheads) localized to a region of the ventral neural tube in wildtypes that was
identical to the area of reduced cell proliferation (Figure 4 D, I). In other regions of
the forebrain such as the basal plate of the diencephalon (bpd) and the zona limi-
tans intrathalamica (zli), shh expression was identical in wildtypes and knockouts
(Figure 7 E, F). This finding was substantiated on coronal brain sections indicating
locally restricted loss of shh expression in the AEP (Figure 7 H) but not in other
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Figure 7: Shh expression in wildtype and lrp2 -/- embryos. (A, B) Whole-mount ISH
in E9.5 wildtype (A) and lrp2 -/- embryos (B), demonstrating an identical expression
pattern for shh in floorplate and ventral prosencephalon. (C, D) Whole-mount ISH for
shh in E10.5 embryos, indicating expression in the ventral telencephalon of the wildtype
(C, arrowhead) but not in the ventral telencephalic region anterior to the optic recess of
lrp2 -/- embryos (D, arrowhead). (E, F) Frontal head aspects of wildtype (E) and lrp2 -/-
E10.5 embryos (F), depicting shh expression in the AEP (arrowheads) of wildtype but
not lrp2 -/- animals. Expression of shh in other areas of the forebrain, such as in the
basal plate of the diencephalon (bpd) or the zona limitans intrathalamica, is identical in
both. (G-K) ISH for shh on coronal sections of the rostral (G, H) and the caudal (I, K)
neural tube. Shh is expressed in the AEP of the rostroventral neural tube of wildtype
(G) but not lrp2 -/- E10.5 embryos (H). Expression in caudal regions of the neural tube
is normal in lrp2 -/- tissues (K). Abbreviations: bpd, basal plate of the diencephalon;
fp, floorplate; or, optic recess; te, telencephalon; vp, ventral prosencephalon; zli, zona
limitans intrathalamica.
shh expression domains in the ventral neural tube of knockout embryos (Figure 7
K).
The specific loss of shh-expression was also observed in mice with an epiblast
specific receptor gene defect (Figure 8).
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Figure 8: Shh expression in lrp2 lox/lox and lrp2 lox/lox/Meox2 tm1(cre)Sor E10.5 embryos.
Lateral (A, C) and frontal (B, D) head aspects of whole-mount in-situ hybridization for
shh in E10.5 embryos, indicating expression in the AEP of lrp2 lox/lox (A, B; arrowheads)
but not lrp2 lox/lox/Meox2 tm1(cre)Sor embryos (C, D; arrowheads). Abbreviations: bpd,
basal plate of the diencephalon; zli, zona limitans intrathalamica.
4.3 Loss of ventral cell fates in the telencephalon of lrp2-
deficient embryos
Shh activity is essential to induce proliferation and differentiation of specific cell
populations in the progenitor zone of the ventral neural tube (Marin and Ruben-
stein, 2001; Nery et al., 2001; Fuccillo et al., 2004). Shh signaling is particularly
required for the development of oligodendrocyte precursors that originate from the
AEP and migrate tangentially into adjacent areas of the forebrain to develop into
myelin-forming glia (Marin and Rubenstein, 2001). As seen by ISH for the mRNA
encoding oligodendrocyte transcription factor 2 (olig2), an early marker of the
oligodendroglial lineage, expression of olig2 in E10.5 wildtype embryos (Figure 9
A, arrowhead; C) paralleled the pattern for shh expression in the AEP. By contrast,
little olig2 signal was observed in this area of lrp2 -/- embryos, while expression in
the thalamus region of the diencephalon was normal (Figure 9 B, arrowhead; D).
The consequence of Shh deficiency on the generation of neuronal precursor popu-
lations that arise in the AEP and MGE was analyzed by applying ISH for marker
genes highly expressed in these cell types at E10.5 (Sussel et al., 1999; Marin
et al., 2000; Fuccillo et al., 2004). The Shh-dependent homeobox gene thyroid
transcription factor 1 (nkx2.1) is essential for the production of basal forebrain
cholinergic neurons and cortical interneurons (Sussel et al., 1999).
As shown in Figure 9, no expression of nkx2.1 was detected in the ventral te-
lencephalon of lrp2 -deficient animals, while expression in other forebrain regions,
such as the thalamus of the diencephalon, was normal. Distal-less homeobox 2
(Dlx2), another Shh-dependent homeobox gene, specifies cells that originate in
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Figure 9: Expression of marker genes of early forebrain development in E10.5 embryos.
In-situ hybridization (ISH) of frontal head aspects (A, B, E, F) and coronal forebrain
sections (C, D, G, H) demonstrate reduced signals for olig2 and nkx2.1 in the AEP
(B, F, arrowheads) but not in the diencephalon of lrp2 -/- embryos. Abbreviations: di,
diencephalon; te, telencephalon.
the ventral telencephalon and migrate tangentially to populate the cerebral cortex,
olfactory bulb and hippocampus, where they differentiate into interneurons (Corbin
et al., 2001). Expression of dlx2 was also absent in the ventral telencephalon and
significantly decreased in the thalamus of E10.5 lrp2 -/- embryos (Figure 10 A,
B). Specific loss of ventral neuronal cell populations was confirmed by the lack of
neuron-specific class III ß-tubulin (TuJ1) signals in the ventral, but not in the dorsal
telencephalon of lrp2 -deficient animals (Figure 10 E, F). Given the loss of ventral
Shh-dependent pathways in lrp2 -/- embryos, the expression of dorsal markers of
the developing brain may be altered in receptor-deficient mice as well.
Wnt1, a marker of early forebrain development, is expressed in the dorsal midline of
the di- and mesencephalon, and in the isthmus of wildtypes at E10.5 (Figure 10 L).
No differences in expression pattern of wnt1 were seen in knockouts (Figure 10 M)
compared to wildtypes, suggesting normal dorsal patterning of the diencephalon.
The situation was different when evaluating dorsal markers also found in the te-
lencephalon. Pax6 is normally expressed in the dorsal part and ventral thalamus
of the diencephalon, in the eyes and in the dorsal telencephalon (Figure 10 C).
By contrast, in E10.5 lrp2 -/- embryos pax6 expression significantly extended from
dorsal areas into ventral areas of the telencephalic neural tube, while expression
in the optic vesicles was mostly lost (Figure 10 D, ov). So far, these results show
an obvious effect of lrp2 -deficiency on the specification of ventral cell fate in the
rostral ventral forebrain, probably due to locally restricted loss of shh in the AEP.
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Figure 10: Expression of marker genes of early forebrain development in E10.5 embryos.
ISH of lateral (A, B, G-M) and frontal (C, D) head aspects and coronal forebrain sections
(E, F). (A, B) Expression of dlx2 is lost in the ventral telencephalon (arrowheads) and
significantly reduced in the ventral thalamus region of the diencephalon (asterisks) of
lrp2 -/- embryos as shown by whole-mount ISH. (C, D) Expression of pax6 extends from
the dorsal into the ventral neural tube of receptor-deficient embryos (D, arrowheads).
Also, most knockouts lack the pax6 signal in the optic vesicle (D). (E, F) Immuno-
histology of coronal E10.5 forebrain sections indicate lack of TuJ1 expression in the
ventral (F, arrowheads), but not in the dorsal telencephalic region of lrp2 -/- embryos
compared with control embryos. (G-M) No differences can be seen in the expression
patterns of ptch1 (G, H; ventral neural tube, including tel-, di- and mesencephalon),
hnf3ß (L, K; ventral neural tube, including di- and mesencephalon), or wnt1 (L, M; roof
of di- and mesencephalon, isthmus).Abbreviations: di, diencephalon; is, isthmus; me,
mesencephalon; ov, optic vesicle; te, telencephalon.
Consistent with normal expression of shh in areas of the forebrain other than the
AEP, the expression patterns of the receptor ptch1 (Figure 10 G, H) or the global
Shh target gene hnf3ß (Figure 10 I, K) were unchanged in lrp2 -/- mice.
4.4 Enhanced Bmp4 signaling and aberrant fgf8 expression
in the dorsal midline of lrp2-deficient mice
Fibroblast growth factor (Fgf) 8 and bone morphogenic protein (Bmp) 4 are mor-
phogens that also play key roles in dorsoventral patterning of the rostral head and
that act in precise synergy with Shh to maintain normal prosencephalic develop-
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ment (Schneider et al., 2001; Ohkubo et al., 2002). Intriguingly, expression of
both morphogens was also significantly altered in mice lacking LRP2.
At E10.5, the expression of fgf8 was reduced in the rostral ventral telencephalon
but extended from the commissural plate along the midline into more dorsal and
caudal regions of the forebrain (Figure 11 B, arrowhead). Bmp4, demarcating
dorsal midline structures, was also aberrantly expressed at E10.5. In wildtypes,
bmp4 expression was restricted to the dorsomedial part of the telencephalon and
the dorsal midline of the most anterior diencephalon (Figure 11 C). In mutants,
expression in the dorsomedial neuroepithelium of the tel- and diencephalon was
significantly increased and extended along the midline into more caudal regions of
the roof (Figure 11 D, arrowhead).
Contrary to the findings obtained with Shh (Figure 7 A, B), alterations in Bmp4
and Fgf8 pathways were already evident at E9.5 in lrp2 -/- embryos. Thus, the
expression domain of fgf8 was reduced in the ventral but increased along the
dorsal telencephalic midline (Figure 11 K), while expression of bmp4 was signif-
icantly enhanced in the rostral dorsal telencephalon(Figure 11 M, arrowheads).
To evaluate the consequences of this increase in bmp4 mRNA the intracellular
effectors of Bmp4 signaling and the expression levels of downstream target genes
were analyzed. Mothers against decapentaplegic homolog (Smad) proteins are the
intracellular effectors of Bmp4 signaling. Binding of Bmp4 to its endogenous re-
ceptors leads to phosphorylation of the Smad proteins 1, 5 and 8. Subsequently,
the phosphorylated Smad (P-Smad) proteins associate with transcription factors
and activate downstream target genes.
The increase in bmp4 mRNA indeed resulted in an increase in P-Smad proteins
and in an activation of downstream target genes (Figure 12). As seen by im-
munofluorescence staining for P-Smad1 at E10.5, overexpression of bmp4 resulted
in enhanced and ventrally expanded Bmp4 signaling in the prosencephalon but not
in other areas of the neural tube such as the spinal cord (Figure 12 B, G). At E9.5,
enhanced Bmp4 signaling in the forebrain was accompanied by a rise and ven-
tral expansion of P-Smad proteins along the rostral neuroepithelial midline (Figure
12 D, I) and by an aberrantly strong induction of the Bmp4 downstream target
gene mesenchyme homeobox (Msx) 1 transcript msx1 in this region (Figure 12
K, arrowhead).
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Figure 11: Analysis of Fgf8 and Bmp4 pathways in E9.5 and E10.5 embryos. (A,
B) Anteroventral head aspects of E10.5 embryos, demonstrating a reduction of fgf8
expression in the ventral telencephalon (asterisk) and an extension from the commissural
plate (dotted line) into more dorsal regions of the midline (arrowhead) in LRP2-deficient
animals. (C, D) lateral head aspects show that bmp4 expression in wildtypes is restricted
to the dorsomedial part of the telencephalon and the dorsal midline of the most anterior
diencephalon, whereas in lrp2 mutants the bmp4 expression domain extends along the
midline into more caudal regions of the roof (D, arrowhead). (E-H) Coronal sections
highlight increased bmp4 signals in the telencephalon and the anterior diencephalon of
knockout compared with control embryos. (I, K) At E9.5, the fgf8 expression domain
in lrp2 -/- animals is reduced in the ventral (K, asterisk), but extended into the dorsal
region of the telencephalon (K, arrowhead). (L-O) At E9.5, expression of bmp4 is
increased in the rostral and dorsal telencephalon (M, O, arrowheads) of lrp2 -/- embryos
as shown by whole-mount ISH (L, M) or coronal dorsal forebrain sections thereof (N,
O). Abbreviations: di, diencephalon; te, telencephalon.
4.5 LRP2 acts as an endocytic receptor for Bmp4
Based on the distinct alterations in Shh and Bmp4-dependent pathways in the
neural tube of lrp2 -deficient embryos, a direct involvement of this receptor in the
activity of either morphogen seems plausible. The ability of LRP2 to bind Shh has
been reported before (McCarthy et al., 2002). To also establish a potential role
for LRP2 in Bmp4 signaling, the interaction of the receptor with Bmp4 was tested
in vitro.
LRP2 was immobilized on a sensor chip surface and binding of ligands was detected
taking advantage of a phenomenon called surface plasmon resonance (SPR). SPR
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Figure 12: Increased Bmp4 signaling phosphorylates Smad proteins and induces down-
stream targets. (A-D, F-I) Immunodetection of P-Smad proteins, indicating a signal
in E10.5 wildtypes that is restricted to the dorsal midline of the tel- and diencephalon
(A, F, arrowheads) but that is significantly enhanced and ventrally expanded (B, G,
arrowheads) in lrp2 -/- littermates. P-Smad signals in the spinal cord are identical in
both genotypes (C, H). At E9.5, increases in bmp4 message result in enhanced phos-
phorylation of Smad proteins (I, arrowheads) and induced expression of the Bmp4 target
gene Msx1 in the rostral dorsal telencephalon (K, arrowhead). Msx1 expression in the
hindbrain region is unchanged (E; K, asterisks). Abbreviations: di, diencephalon; sp,
spinal cord; te, telencephalon.
detects changes in mass on the sensor surface and therefore binding of ligands to
the receptor. In this assay, Bmp4 strongly bound to LRP2, while the related factors
Bmp5 or Wnt1 did not (Figure 13 A), suggesting a possible function for LRP2 as
Bmp4 receptor in the early forebrain. Exposure of LRP2-expressing (BN16) cells
to radiolabeled Bmp4 resulted in endocytic uptake and lysosomal degradation of
the protein (Figure 13 B).
The cellular catabolism of Bmp4 was mediated by LRP2 because uptake and degra-
dation of 125I-Bmp4 was blocked completely by the LRP2 antagonist receptor-
associated protein (RAP) (Christensen and Birn, 2002; Hilpert et al., 1999) and
by chloroquine, an inhibitor of lysosomal degradation (Figure 13 B).
Taken together, these findings indicate a possible function of LRP2 as a Bmp4
clearance receptor in the neuroepithelium and increased Bmp signaling in the fore-
brain as a consequence of the lrp2 gene defect. LRP2 is involved in the patterning
of the rostral neural tube as lack of LRP2 leads to a loss of shh expression in
the AEP, a region giving rise to oligodendrocytes and interneurons. As seen by
ISH for olig2 and nkx2.1 (Figure 9), these cell fates are not established in lrp2 -/-
embryos. At the same time, increased bmp4 expression is observed in the dorsal
rostral neural tube (Figure 11 C, D, L, M).
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Figure 13: LRP2 mediates binding and cellular catabolism of Bmp4. (A) Surface
plasmon resonance (SPR) analysis of binding of 0.5 µmol/l Bmp4, but not of 0.5 µmol/l
Bmp5 or Wnt1-conditioned medium to purified LRP2 immobilized on the sensor chip
surface. As a positive control, binding of 1 µmol/l receptor-associated protein (RAP)
to LRP2 was tested. (B) LRP2-expressing BN16 cells mediate uptake and lysosomal
degradation of 125I-Bmp4. Degradation of Bmp4 can be blocked by chloroquine (200
µmol/l) or the receptor-antagonist RAP (100 µg/ml).
Altering the expression patterns of key morphogens in dorsoventral patterning pos-
sibly leading to a rescue of the observed phenotype in lrp2 -/- embryos may help
to further elucidate the underlying mechanisms of the defect. One approach could
be to decrease Bmp4 signaling in the dorsal rostral neural tube by either reducing
bmp4 expression or by inducing mechanisms that negatively regulate Bmp4 ac-
tion. For example, overexpression of soluble Bmp4 antagonists or dominant neg-
ative pseudo-receptors (Balemans and Van Hul, 2002; Onichtchouk et al., 1999)
was described as a method to effectively reduce Bmp4 signaling. Another approach
could be to increase Shh signaling in the ventral neural tube either by directly over-
expressing shh or by overexpressing a constitutively active form of its endogenous
receptor smo.
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5 Results II: Zebrafish
5.1 An alternative animal model: the zebrafish
Realizing the above envisioned experiments in the mouse would inevitably involve
generating new transgenic mouse lines that lack or overexpress genes that are
involved in dorsoventral patterning of the rostral neural tube. Time-consuming
breeding would then be necessary to generate animals that lack lrp2 and specific
genes for dorsoventral patterning. In recent years, animal systems became avail-
able where knocking out, knocking down, knocking in or overexpressing specific
genes can be accomplished comparably easily. The zebrafish animal model is one
of them.
The zebrafish (Brachydanio rerio) is a tropical fish that belongs to the minnow
family (Cyprinidae). It is native to Eastern India, Pakistan, Bangladesh and Nepal
but it has also been introduced and established in Japan and the United States.
The fish is omnivorous and feds on various small aquatic insects, crustaceans,
worms and plankton. It grows to about 6 cm in length and lives for around 5
years. The fish is named for its five uniformly pigmented, horizontal blue stripes
on the side of the body and is considered to be one of the easiest aquarium fish to
breed. Under optimal conditions female fish produce around 100 eggs in a single
spawning.
Embryonic development is rapid, passing from the egg to the larvae stage in less
than three days. A major advantage of this animal system is that the eggs can be
easily manipulated in a number of ways, e.g. proteins can be overexpressed ubiqui-
tously in the embryo by injecting mRNA in the yolk of the egg at the one-cell stage.
Because the fate map of the dividing egg is very well established, overexpression of
proteins can also be directed to specific tissues or areas in the embryo by injecting
mRNA into a single progenitor cell.
By the same means it is possible to specifically knock-down protein expression in
the whole embryo or in specific tissues of the embryo. This is achieved by injecting
synthetic antisense oligonucleotides commonly referred to as ”Morpholinos” that
target the mRNA of interest. Animals that develop from eggs injected with Mor-
pholinos are referred to as ”morphants”.
The difference between Morpholinos and the commonly used antisense RNA is the
chemical structure of the backbone. Morpholinos have standard nucleic acid bases
but the bases are bound to morpholine rings instead of ribose rings as in RNA. The
nucleotides of a Morpholino oligonucleotide are linked through phosphorodiamidate
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Figure 14: Chemical differences between Morpholino and RNA oligonucleotides. Shown
is a trimer segment of a Morpholino-RNA heteroduplex. Morpholinos have standard
nucleic acid bases, the bases are bound to morpholine rings (green) instead of deoxyribose
rings (purple) as in RNA and linked through phosphorodiamidate groups (red) instead
of phosphate groups (blue).
groups instead of phosphate groups as in RNA (Figure 14). As a consequence of
this chemical modification, Morpholino oligonucleotides cannot be degraded by
exogenous RNA cleaving enzymes (RNases) or by the metabolism of the cell in
which it is injected. Thus, Morpholinos exert their function for a comparably long
time, usually they remain sufficiently active until day 5 of embryonic development.
Protein expression can be blocked by injecting Morpholinos targeting the initiation
site of translation or by injecting Morpholinos that target splice donor- or acceptor-
sites in the pre-mRNA. As a consequence of the latter, the pre-mRNA cannot be
processed correctly producing an mRNA that lacks the intronic sequences associ-
ated with the targeted splicing site. If the intronic sequence is spliced out in frame,
the synthesized protein is smaller in size because the amino acids encoded by the
removed intronic sequence are missing. If the removal of the intronic sequence
leads to a frameshift, the result can either be a protein with a different amino
acid sequence after the removed intron or a premature termination of translation
by a newly formed stop codon. In general, targeting the initiation site of trans-
lation is the method of choice for abolishing protein expression most effectively.
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Transplantation experiments are also feasible and are usually done 2 to 5 hours
after fertilization at the blastula stage. Wildtype cells can be easily transplanted
in a mutated background or vice versa and the behavior of the transferred cells
in the altered background can be observed. An additional advantage is the fact
that the eggs are completely transparent until the onset of pigmentation after two
days of development, allowing to observe the outcome of the above mentioned
manipulations directly.
The zebrafish has become a popular model organism for studies of vertebrate de-
velopment and gene function because of the afore described properties. For genetic
research groups, the zebrafish is an excellent test subject and is used in many labs
to replace or to supplement higher vertebrate models such as rats and mice. Pro-
vided that the lrp2 ortholog exists in the zebrafish, this model might prove useful
in further dissecting the function of lrp2 in dorsoventral patterning of the neural
tube.
5.2 Identification of the LRP2 ortholog in the zebrafish
The intracellular, carboxy-terminal part of the amino acid sequence en-
coding LRP2 of the rat (gene bank accession ID 68436945) was
used to search the Sanger Zv4.0 genomic sequence zebrafish database
(http://www.ensembl.org/Danio rerio/blastview) because this part of the recep-
tor is highly conserved among species. The search identified a short fragment of
a putative LRP2 ortholog in the zebrafish (zf-LRP2). The retrieved amino acid
sequence was analyzed for common functional and structural motifs with the pro-
tein motif prediction tool ”Simple Modular Architecture Research Tool” (SMART;
http://smart.embl-heidelberg.de).
According to this software, the sequence contained a short extracellular stretch
of 45 amino acids followed by a hydrophobic transmembrane domain consisting
of 20 amino acids (Figure 15, underlined sequence) and the intracellular part of
the protein. Due to the incomplete annotation of the zebrafish genomic sequence
database, most of the sequence encoding the extracellular domain of the zf-LRP2
could not be retrieved. The amino acid sequence of proteins that serve impor-
tant functions in the cellular metabolism or the development of the organism
are usually highly conserved among species. To determine the extent of con-
servation of zf-LRP2 compared to human LRP2, the amino acid sequences of
the corresponding proteins were aligned using the software ”ClustalW” (ver 1.83;
http://www.ebi.ac.uk/clustalw).
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Human     CRCMHGGNCYFDETDLPKCKCPSGYTGKYCEMAFSKGISPGTTAVA
Zebrafish CRCMNGGTCFTDEGGLPKCKCPYGYSGSYCEMGKSRGAPAG-TAVT
****:**.*: ** .******* **:*.****. *:* ..* ***:***
RTGSLLPALPKLP-SLSSLVKPSENGNGV
NYRRTGSLIPSMPNYPGSLSSLVKSGDTGNGV
::::*:* ***.:. *::*******:*::*: * *******..:.****
IGVSGFGPETAIDRSMAMSEDFVMEMGKQPIIFE
LEPQTLG-VSFIDRAMQLVNLHHFTSGRNGMLFYYLLF
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Figure 15: Amino acid sequence alignment of human LRP2 with the zebrafish ortholog.
Sequence comparison of both orthologs shows 49.6% identity and 65.7% similarity (iden-
tity indicated by asterisks, high similarity indicated by colons and low similarity indicated
by dots). The transmembrane segment of both sequences is underlined, NpxY-motifs
are highlighted red.
The retrieved partial sequence of zf-LRP2 is indeed highly conserved across species,
displaying 49.5% identity and 65.2% similarity. Motifs that are important for bind-
ing intracellular adaptor proteins and for endocytosis have been conserved, e.g.
two NPxY motifs (Figure 15, NPxY motifs highlighted in red) are present in the
zebrafish sequence.
The zebrafish belongs to the teleosts that all harbour duplicated genomes (Amores
et al., 1998). This duplication event took place early in the evolution of the teleosts,
probably more than 300 million years ago (Taylor et al., 2001). At present, many
genes of the zebrafish have functional duplicates, whereas duplicates of other genes
have lost their function or adopted new functions. The ”Basic Local Alignment
Search Tool” (BLAST) and the ”Sequence Search and Alignment by Hashing
Algorithm” (SSAHA) were used to retrieve information about the existence of ad-
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Figure 16: Expression pattern of zf-lrp2 at 48hpf (A-E) and 72hpf (F-K) analyzed in
wildtypes by ISH. The yolk and tail of the embryos were removed in A, B, F and G. At
48hpf (A, dorsal aspect; B, lateral aspect; C-E, transversal sections) zf-lrp2 is weakly
but uniformly expressed in the forebrain and midbrain of the embryo (C, D, open circle).
Stronger sites of expression are the otic vesicles (A, B, D, arrowheads), the retina (C,
arrows) and the pronephric tubules (A, B, E, asterisk). At 72hpf (F, dorsal aspect; G,
lateral aspect; H-K, transversal sections) expression levels of zf-lrp2 in the forebrain
and midbrain is decreased compared to 48hpf. Expression in the otic vesicles (F, G, I,
arrowheads) and in the retina (H, arrows) as well as in the pronephric tubules (F, G, K,
asterisk) remains strong.
ditional copies of the zf-LRP2.
Both approaches failed to identify additional copies of the zf-lrp2 gene in the
zebrafish genome. The partly identified zf-lrp2 is therefore the only copy of this
receptor present within the zebrafish genome, based on the Sangers Zv4.0 database
which covers about 60% of the genomic sequence.
5.3 The expression pattern of zf-lrp2 and mouse-lrp2 is con-
served
ISH was used to visualize lrp2 expression in zebrafish embryos at various stages
of development. At 48 hours post fertilization (hpf) lrp2 is strongly expressed in
the pronephric tubules (Figure 16 A, B, E, asterisk) and in the structures giving
rise to the ears (otic vesicles, Figure 16 A, B, D, arrowheads). Weak expression
of zf-lrp2 mRNA can be observed in the retina (Figure 16 C, arrows). Expression
is diffuse but strong in the forebrain and midbrain at 48hpf (Figure 16 A, B; C,
D, open circle), whereas expression of zf-lrp2 in the brain is regulated down at
72hpf (Figure 16 F-I), but remains strong in the otic vesicles (Figure 16 F, G, I,
arrowheads) and in the pronephric tubules (Figure 16 F, G, K, asterisk).
To examine the expression domains of zf-lrp2 more thoroughly, earlier timepoints
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were analyzed by ISH. In addition, the expression domains of lrp2 were correlated
with the expression domains of cubilin, dab2, wt1 and pax2.1 that are key marker
genes for brain and kidney development.
Cubilin is a membrane protein that is non-covalently bound to the cell membrane.
It is always found coexpressed with lrp2 (but not neccessarily vice versa) and acts
as a coreceptor expanding the range of ligands that can be endocytosed by LRP2
(Assemat et al., 2005). Dab2 is an intracellular adapter protein that binds to
NPxY motifs and is essential for endocytosis. Mice that are conditionally deficient
for dab2 in the renal proximal tubules of the kidney display low molecular weight
proteinuria, emphasizing an essential function of the protein in renal reabsorption
(Morris et al., 2002). The Wilms Tumor 1 (Wt1) gene plays an important role
for kidney development in mammals (Menke and Schedl, 2003). One main site of
expression in mammals is in the podocytes of the glomeruli of the kidney (Menke
and Schedl, 2003). Pax2.1 is expressed in the midbrain/hindbrain boundary, in
motoneurons and in the pronephric tubules. In zebrafish that are deficient for
functional pax2.1 the pronephric tubules do not form (Majumdar et al., 2000). The
expression patterns of these genes were analyzed by ISH for 20, 24, 48 and 72hpf.
Between 20 and 24hpf, lrp2 and dab2 displayed overlapping expression patterns
within the anterior third of the pronephric duct (Figure 17 A, B, I, K). Whereas
expression of cubilin was not detectable at 20hpf, it was largely overlapping with
lrp2 and dab2 at 24hpf (Figure 17 B, F, K).
By 48hpf, the bilateral nephron primordia integrate to form central pronephric
glomeruli that express wt1 (Figure 17 P) and tubules that express pax2.1 (Figure
17 T). At this stage, lrp2, dab2, and cubilin are expressed in an expanded proximal
portion of the pronephric duct but not in pronephric tubules (Figure 17 C, G, L).
Finally, by 72hpf, lrp2, dab2, and cubilin were expressed in a proximal portion of
the pronephric duct and a small distal portion of the tubule epithelium (Figure 17
D, arrows; H, M).
5.4 Functional analysis of zf-LRP2 protein
To make sure that zf-LRP2 had not lost its physiological relevance in the zebrafish,
the functional conservation of the protein was analyzed in the zebrafish pronephros
before analyzing the function of the receptor in brain development.
In adult mammals, LRP2 is mainly expressed in the proximal tubules of the kidney
where it is responsible for reabsorbing metabolites from the glomerular filtrate. To
further characterize those regions of the pronephric duct involved in renal clear-
ance of metabolites in the zebrafish, tracer molecules of defined molecular weight
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were injected into the cardinal vein of 72hpf wildtype embryos as previously de-
scribed (Drummond et al., 1998). 70 kDa fluorescein-labeled dextran (FD) was
used as a fluid phase marker and was taken up into the proximal third of the
pronephric duct and the distal tubule within minutes after injection (Figure 18
A). To define whether the region involved in renal clearance of metabolites corre-
sponds to the lrp2 expression domain (McCarthy et al., 2002), the receptor was
co-visualized on whole-mounts with an anti-rat LRP2 antibody. Indeed, renal re-
uptake of 70kDa-FD occurred in a proximal-to-distal gradient of intensity that was
entirely enclosed within the lrp2 expression domain (Figure 18 A-C). Transverse
sections of these embryos showed apical LRP2 localization and confirmed that the
70 kDa-FD molecules were
distributed as punctuate vesicles in the pronephric duct epithelial cells (Figure 18
D-F). To confirm that the tubular uptake is dependent on glomerular filtration, the
clearance of 10 kDa rhodamine labeled dextran (RD) was compared to 500 kDa-FD,
which should not pass the ultrafiltration barrier (Drummond et al., 1998). Whereas
10 kDa-RD was cleared from the proximal third of the pronephric duct and the
distal tubule within minutes after injection (Figure 19 A) and was distributed as
punctuate vesicles on transverse sections (Figure 19 B), no uptake of 500 kDa-
FD was observed, confirming that glomerular ultrafiltration prevents passage of
this large molecular weight tracer into the pronephric duct (Figure 19 D). To
visualize the reuptake of a known LRP2 ligand in vivo, Cy2-labeled rat receptor-
associated protein (Cy2-RAP) was injected into the circulation of 72hpf wildtype
embryos. Cy2-RAP was rapidly cleared from the pronephric duct and internalized
into apical vesicles of anterior pronephic duct tubular cells in a pattern identical
to that observed for 70 kDa-FD (Figure 19 C). Thus, 70 kDa-FD visualizes LRP2
dependent uptake processes and was used as a marker for further tests.
5.5 Generation of lrp2-deficient zebrafish embryos
One method of choice to elucidate a protein’s function in vivo is to analyze the
phenotype of animals that are deficient for the protein of interest. In mice, this
is usually achieved by targeted gene disruption, a method where a mutation is
introduced in the gene of interest via homologous recombination. This results in
a protein with an altered amino acid sequence that has usually lost its function.
In the zebrafish, where the targeted gene disruption technology is not available,
expression of a specific protein is suppressed by deploying a Morpholino antisense
approach that either efficiently interferes with the splicing of the pre-mRNA or
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with the initiation of translation (Heasman et al., 2000; Nasevicius and Ekker,
2000). To achieve the latter, the Morpholino has to be complementary in sequence
to the region 5’ of the start codon of the targeted mRNA. Because so far no
information about this region was available in the zebrafish genome database, an
approach was chosen that interfered with the splicing of the zf-lrp2 pre-mRNA
resulting in the removal of the exon coding for the transmembrane segment.
Two independent Morpholinos were designed, one targeting the splice donor site
of the exon coding for the transmembrane region (lrp2MO1), the other targeting
the splice donor site of the next 5’ exon (lrp2MO2).
This should lead to downstream nonsense mutations resulting in a premature
stop of protein translation. The truncated protein should lack the transmembrane
segment and should thereby not be incorporated into the plasma membrane but
excreted. This approach was used successfully before in the mouse to ablate lrp2
expression (Willnow et al., 1996a).
The efficiency of both Morpholinos was verified on the nucleotide level by RT-PCR
as well as on the protein level by Western Blotting with an antibody specific for
zf-LRP2.
As can be seen in Figure 20, both Morpholino oligonucleotides efficiently interfered
with the splicing of the zf-lrp2 pre-mRNA at 48hpf, yielding RT-PCR products
of the indicated size. Embryos that developed from eggs injected with either
oligonucleotide were deficient for zf-LRP2 protein at 48hpf as seen by Western
Blotting of total membrane extracts of these embryos with an antibody specific
for zf-LRP2 (Figure 20). Extracts from wildtype embryos displayed a prominent
immunoreactive band of approximately 250 kDa that likely represented the major
proteolytic breakdown product of the receptor described before (Bachinsky et al.,
1993; Orlando and Farquhar, 1993) and that was completely absent from the
morphants.
Sequencing of the RT-PCR products indeed confirmed the predicted alterations
in sequence. As indicated by the dashed lines (Figure 21 A), the targeted exons
were precisely removed from the zf-lrp2 -mRNA in embryos that were injected
with lrp2MO1 and lrp2MO2 at the one-cell stage.
Translation of the altered mRNA sequences of these embryos with
the ”Expert Protein Analysis System” (ExPASy) translate tool
(http://www.expasy.ch/tools/dna.html) showed that the aberrant splicing
led to a reading frame shift for lrp2MO1 as well as for lrp2MO2.
This resulted in a completely different downstream amino acid sequence, even-
tually leading to a premature derogation of translation because of newly formed
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stop-codons (Figure 21 B; stop-codons highlighted in red). The aberrant amino
acid sequences were then analyzed using the SMART motif prediction algorithm
to verify that the transmembrane domain was completely gone. Indeed, no
transmembrane domain was predicted for both Morpholinos rendering it highly
unlikely that the aberrant protein is still able to integrate into the cell membrane.
Phenotypically, the overall embryonic and larval anatomy appeared unchanged
throughout the entire observation period (7dpf; Figure 22 A-F) of embryonic
development. Moreover, acridine orange vital embryonic staining failed to reveal
increased apoptotic cell death in zf-lrp2 morphants compared to controls at
3.5dpf (Figure 22 F-I). To investigate the relevance of zf-lrp2 in zebrafish tubular
clearance mechanisms, morpholino antisense oligonucleotide mediated knock-down
of zf-lrp2 (Heasman et al., 2000; Nasevicius and Ekker, 2000) was performed. To
assess whether knock-down of zf-lrp2 affected formation of the pronephric duct
and nephron, the expression of key differentiation markers was visualized by ISH
in wildtype and morphant embryos using the same markers that were used for
characterizing the expression domains of zf-LRP2. As can be seen in Figure 23,
the expression of the analyzed marker genes in the morphants is comparable to
that of the wildtype.
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Figure 17: Expression of lrp2, cubilin, dab2, wt1 and pax2.1 in the developing
pronephros. Dorsal view of wildtype embryos at 20hpf (A, E, I, N, R), 24hpf (B, F,
K, O, S), 48hpf (C, G, L, P, T), and 72hpf (D, H, M, Q, U) analyzed for expression
of lrp2 (A-D), cubilin (E-H), dab2 (I-M), wt1 (N-Q) and pax2.1 (R-U). Combinatorial
gene expression patterns are indicated in the model. Arrows indicate the tubular ex-
pression of lrp2 (D); arrowheads point at the pronephros expression domain of pax2.1
(T, U). Abbreviations: gl, glomerulus; np, nephric primordium; pd, pronephric duct; pt,
pronephric tubule.
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Figure 18: Renal clearance of tracers within the proximal pronephric duct is restricted
to the LRP2 expression domain. Wildtype embryos (72hpf) were injected with 70 kDa-
FD (green) and renal clearance of tracer into the pronephric duct tubular cells evaluated
1.5 hours later on whole-mounts (A, C) or transversal sections (D, F) by confocal flu-
orescence microscopy. Immunostaining for LRP2 (B, C; red) demonstrates that renal
clearance of 70 kDa-FD occurs within the expression domain of the receptor. (E, F)








Figure 19: Renal clearance of tracers occurs within the proximal pronephric duct.
Wildtype embryos (72 hpf) were injected with 10 kDa-RD (A, B; red), Cy2-RAP (C;
green), or 500 kDa-FD (D; green), and renal clearance of tracer into the pronephric
duct tubular cells evaluated 1.5 hours later on whole-mounts (A) or transversal sections
(B-D) by fluorescence microscopy. 10 kDa-RD is cleared from the proximal third of
the pronephric duct (A) and taken up into punctuate vesicles (B). Cy2-RAP is also
endocytosed efficiently by cells of the proximal tubule. There is no tubular uptake of
the 500 kDa-FD tracer (D). White dotted lines demarcate the position of the pronephric
ducts in B-D.
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Figure 20: Molecular characterization of the lrp2 morphant embryos. Wildtype embryos
were injected with buffer (WT) or with two different lrp2 splice variant Morpholinos
(lrp2MO1; lrp2MO2). Embryo extracts were generated at 48hpf and analyzed by RT-
PCR (A) or by Western blot analysis of membrane fractions (B). Injection of lrp2MO1
and lrp2MO2 resulted in aberrant splicing of thelrp2 transcript as evidenced by truncated
RT-PCR products of the cDNA encoding the transmembrane and intracellular portions
of the receptor (A) and by the absence of LRP2 immunoreactivity compared to controls
(B).
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wt      AGTGCAAGTGTCCGTACGGTTACTCTGGTAGTTACTGCGAAATGGGCAAGT
MO1  AGTGCAAGTGTCCGTACGGTTACTCTGGTAGTTACTGCGAAATGGGCAAGT
M02  AGTGCAAGT------------------------------------------
wt      CTAGAGGAGCTCCCGCTGGCACAGCGGTGACGGTACTGTTAGCAGTGGTGA
MO1  CTAGAGGAGCTCCCGCTGGCACAG---------------------------
M02  ------------------------CGGTGACGGTACTGTTAGCAGTGGTGA
wt      TTATTCTGGTGACTGGAGCTCTGGTTGTGGGAGTTTTCCTCAACTACAGGA
MO1  ---------------------------------------------------
M02  TTATTCTGGTGACTGGAGCTCTGGTTGTGGGAGTTTTCCTCAACTACAGGA















LPKCNGDGTVSSGDYSGDWSSGCGSFPQLQENWSHPVNA    TTQSEQSG
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Figure 21: Sequence analysis of RT-PCR products of Morpholino injected embryos.
RT-PCR products (Figure 20 A) were sequenced, aligned (A) and translated (B). (A)
Aligned mRNA sequences, the dashed line indicates the location of the removed se-
quences caused by aberrant splicing for lrp2MO1 and lrp2MO2 injected animals. (B)
Amino acid sequences obtained by in vitro translation of the mRNA sequences with the
”Expert Protein Analysis System” (ExPASy) translate tool. The transmembrane domain
is underlined in the wildtype sequence. Stop-codons are highlighted in red in lrp2MO1




Figure 22: Lrp2 morphant embryos are phenotypically normal. Brightfield pictures (A-
F) of 7dpf, respectively acridine orange vital stainings (G-I) of 3.5dpf wildtype (A, C,
G), lrp2MO1 (B, E, H) and lrp2MO2 (C, F, I) embryos do not show any differences in
physiological appearance or the rate of apoptosis.
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Figure 23: The renal system is developed normally in zf-lrp2 morphants. 72hpf wildtype
(A-E), lrp2MO1 (F-K) and lrp2MO2 (L-P) morphants. There is no apparent difference
in the expression pattern of the marker genes analyzed. Cubilin (B, G, M) shows a
complete overlap of expression with lrp2 (A, F,L), whereas dab2 expression (C, H, N)
overlaps with lrp2 expression only in the pronephric ducts. Pax2.1 (D, I, O) is strongly
expressed in the pronephric ducts and to a slighter extent in the pronephric tubules. The
glomerulus is the only site of expression for wt1 (E, K, P).
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5.6 Zebrafish-lrp2 is essential for tubular clearance of
metabolites via receptor-mediated endocytosis
Mice that are deficient for functional LRP2 protein display low molecular weight
proteinuria in line with an essential function of this receptor in renal physiology. To
adress the question whether the zf-lrp2 ortholog is also necessary for the zebrafish
kidney to function properly, morphant embryos for zf-lrp2 were injected with flu-
orecently labeled dextranes of different molecular weight and with Cy2-RAP.
Consistent with the anticipated critical role for zf-lrp2 in pronephric duct clear-
ance, both independent zf-lrp2 morphants exhibited an almost complete failure of



















Figure 24: Tubular clearance defects in zf-lrp2 morphants. Wildtype embryos (A, D,
G) and lrp2 morphants (B, E, H, C, F, I). Renal clearance of the injected tracer dye
(70 kDa-FD; green) occurs in wildtype (A, G) but not in lrp2MO1 (B, H) respectively
lrp2MO2 (C, I) morphants. Renal clearance of tracer into the pronephric duct tubular
cells was evaluated after fixation and immunostaining against zf-LRP2 (D-F; red) on
whole-mounts by confocal fluorescence microscopy.
Staining with an antibody specific for zf-LRP2 on these specimen showed that
the embryos were completely devoid of the receptor (Figure 24 E, F). The tubular
clearance defects were also analyzed by injecting tracer in 3, 4 and 5dpf wildtype
and morphant embryos. Embryos that showed renal uptake were counted and
expressed as percentage of the total number of animals injected (Figure 25). In
comparison with the wildtype embryos, fewer lrp2 morphant embryos showed renal
uptake of the dye. Even at 5dpf there was a massive decrease in the number
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of morphants showing renal uptake, only the percentage of Cy2-RAP injected
lrp2MO2 morphants showing renal uptake was increased at 4dpf (50%), resp.
5dpf (60%). This may reflect an inefficient injection of the lrp2MO2 morpholino
at the one-cell stage in these animals resulting in a Morpholino concentration that
was too low to efficiently interfere with the splicing of zf-lrp2 mRNA at 4 and
5dpf.
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Figure 25: Statistical analysis of tubular clearance defects in zf-lrp2 morphants. An-
imals were injected at three different time points (3, 4 and 5dpf) with Cy2-RAP (A),
10 kDa-RD (B), 70 kDa-FD (C). Compared to the wildtype, the percentage of zf-lrp2
morphants showing renal uptake of the dye is decreased for all time points analyzed. Data
are given as percent of all animals injected [70 kDa-FD: wt= 45/55 embryos (81.8%);
lrp2MO1= 2/24 embryos (8.3%); lrp2MO2= 3/29 embryos (10.3%); 10k Da-RD: wt=
46/52 embryos (88.5%); lrp2MO1= 4/27 embryos (14.8%); lrp2MO2= 5/29 embryos
(17.2%); Cy2-RAP: wt= 42/46 embryos (91.3%); lrp2MO1= 3/25 embryos (12.0%);
lrp2MO2= 3/22 embryos (13.6%)
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5.7 Tracer accumulates in vesicles that are positive for the
early endosomal marker Rab4.
As shown in Figure 18 D and in Figure 19 B and C, the injected tracer dye
accumulates in vesicular structures of the renal tubules. These vesicles were postive
for Rab4, a protein that is found exclusively in an endosomal subfraction termed
early endosomes. Embryos were injected with 70 kDa-FD at 72hpf, sectioned and
stained for Rab4 (Figure 26).

















Figure 26: Lrp2 morphant embryos are negative for Rab4 positive early endosomes.
Wildtype (A-D) and morphant (E-M) embryos were injected with 70 kDa-FD (A, E, I;
green), fixed and cryosectioned. The sections were then subjected to antibody staining
for Rab4 (B, F, K, red). In the wildtype, most endosomes containing the tracer co-
stain for Rab4 (C), but surprisingly, no Rab4 positive endosomes were detected in either
morphant (F, K). Rab4 positive endosomes were present at comparable levels in the
wildtype as well as in the morphants in extrarenal tissue such as the retina (D, H, M).
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Morphant embryos did not accumulate tracer dye, but even more surprising was
the complete lack of Rab4 positive endosomes (Figure 26 F, K).
However, Rab4-positive endosomes were still present in extra-renal tissues such as
the retina (Figure 26 H, M). These findings not only confirm a conserved function
for zf-LRP2 as clearance receptor in the zebrafish renal tubular epithelium but also
highlight a crucial role for this protein in proper formation of early endosomes in
this cell type.
5.8 Mechanisms of receptor mediated endocytosis are
functionally conserved between the zebrafish larval
pronephros and the adult mammalian kidney.
The results so far clearly indicate that zf-lrp2 plays a crucial role in receptor
mediated endocytosis in the renal tubules of the zebrafish. Injecting fluorescent
marker dyes to asses renal function in the zebrafish could be used to easily identify
additional components that are essential for receptor mediated endocytosis. To
demonstrate that this is indeed possible, Dab2 was choosen to be analyzed in the
zebrafish.
Dab2 is an intracellular adaptor protein of LRP2 that is binding to the NPxY mo-
tifs of the receptor and is essential for protein reabsorption in the renal proximal
tubules of the mouse kidney (Morris et al., 2002). The zebrafish ortholog of dab2
has been predicted by automated computational analysis of annotated genomic
sequence (genomic contig ID: NW 634710; gene bank accession ID: XM 687541).
It is expressed in an overlapping pattern with zf-lrp2 as shown by ISH (Figure 17
I-M), but whether it is also functionally conserved was not known so far.
Using again a Morpholino antisense approach, the expression of the protein was
knocked-down and the consequences for renal function analyzed. This time a mor-
pholino was designed to interfere with the initiation of protein translation by binding
to the ATG region of the dab2 mRNA (dab2MO). Animals that were injected with
the dab2MO at the one-cell stage were phenotypically normal and viable for the
period of observation (7dpf; Figure 27 A-D). Acridine orange vital embryonic stain-
ing failed to reveal increased apoptotic cell death in dab2 morphants compared to
controls at 3.5dpf (Figure 27 E, F).
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Figure 27: Dab2 morphants are phenotypically normal. The physiological appearance
at 7dpf is indistinguishable between wildtype (A, lateral view; C, dorsal view) and dab2
morphants (B, lateral view; C, dorsal view). Acridine orange vital staining for appoptotic
cells in the wildtype (E, lateral view) also fails to show any difference compared with
the dab2 morphants (F, lateral view).
5.9 Dab2 is essential for tubular clearance of metabolites
via receptor-mediated endocytosis
Dab2 morphants were injected with 70 kDa-FD at 3dpf and analyzed for renal
reabsorption of the dye. Consistent with the anticipated critical role for Dab2 in
pronephric duct clearance, Dab2 morphants exhibited an almost complete failure
of renal uptake of the tracer as shown by fluorescence microscopy on whole-mounts
(Figure 28 B, F). Staining with an antibody specific for zf-LRP2 on these specimen
showed that knock-down of dab2 did not interfere with zf-LRP2 expression (Figure
28 D, F) and could be excluded as possible reason for the lack of endocytic activity.
The tubular clearance defects were again analyzed by injecting tracer in 3, 4 and
5dpf wildtype and morphant embryos. Embryos that showed renal uptake were
counted and expressed as percentage of the total number of animals injected
(Figure 29). In comparison with the wildtype embryos, fewer dab2 morphant
embryos showed renal uptake of the dye. The effect was most pronounced at
3dpf, but even at 5dpf there was a massive decrease in the number of morphants
showing renal uptake. To verify the specificity of the dab2 morphant phenotype,
an mRNA rescue was performed by co-injecting full-length dab2 transcripts with
silent sequence alterations that rendered the mRNA resistant to the dab2MO.
Animals injected with the dab2 morpholino and the modified dab2 mRNA indeed
exhibited a rescue of
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Figure 28: Tubular clearance defects in dab2 morphants. (A, C, E) wildtype embryos,
(B, D, F) dab2 morphants. Renal clearance of the injected tracer dye (70 kDa-FD; green)
occurs in wildtype (A, E) but not in dab2MO (B, F) embryos. Renal clearance of tracer
into the pronephric duct tubular cells was evaluated after fixation and immunostaining




































Figure 29: Statistical analysis of tubular clearance defects in dab2 morphants. dab2
morphant, and dab2 rescued embryos were injected with 70 kDa-FD at the indicated time
points and the number of embryos exhibiting tubular accumulation of tracers evaluated
by fluorescence microscopy. Data are given as percent of all animals injected [70 kDa-FD,
3dpf: wt= 34/37 embryos (91,9%); dab2MO= 2/52 embryos (3,8%); dab2 rescue=
26/48 embryos (54.2%); 4dpf: wt=24/26 embryos (92,3); dab2MO= 3/17 embryos
(17,6%); 5dpf: wt=24/25 embryos (96,0); dab2MO= 20/54 embryos (37,0%)
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the phenotype at 3dpf with 54,2% of the embryos showing renal uptake (Figure
29). Lrp2 morphant embryos are negative for Rab4 positive early endososmes in
the renal tubular epithelium (Figure 26). To evaluate whether knock-down of dab2
also leads to a loss of the Rab4 positive early endosomal fraction, embryos were
injected with 70 kDa-FD, and stained for early endosomes with a Rab4 antibody.
As can be clearly seen in Figure 30, there are no Rab4 positive vesicles present in
the renal tubular epithelium of the dab2 morphants (Figure 30 E, F).







Figure 30: Dab2 morphant embryos are negative for Rab4 positive early endosomes.
Wildtype (A-C) and morphant (D-F) embryos were injected with 70 kDa-FD (A, D;
green), fixed and cryosectioned. The sections were then subjected to antibody staining
for Rab4 (B, E; red), a marker for the early endosomal fraction. In the wildtype, most
endosomes containing the tracer co-stain for Rab4 (C), but no Rab4 positive endosomes
were detected in the morphant (E).
These findings suggest that Dab2 is an essential component of LRP2-mediated
endocytosis in the zebrafish pronephros and argue for a functional conservation of
renal clearance pathways in the zebrafish. Zf-LRP2 expression and apical localiza-
tion is not affected by the knock-down of dab2 as seen in Figure 28. To exclude
the possibilty that the clearance defects in dab2 morphants are due to a misslocal-
ization of the zf-LRP2 protein, wildtype and dab2 morphants were injected with
tracer, cryosectioned and stained for zf-LRP2 expression. As can be seen in Figure
31, knock-down of Dab2 protein expression did not affect the apical localization
of zf-LRP2 (Figure 31 E, F).
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Figure 31: Localization of zf-LRP2 in dab2 morphants is not changed. Wildtype (A-C)
and dab2 morphants (D-F) were injected with 70 kDa-FD, cryosectioned and stained for
zf-LRP2. Wildtype animals show uptake of the dye (A, C) and a clear apical localization
of zf-LRP2 (B, C), whereas no tracer uptake occurs in dab2 morphants (D, F) despite
correct apical localization of zf-LRP2 (E, F).
5.10 Analyzing new components for their role in endocytic
processes in the zebrafish pronephros
As a proof of concept that this assay system can also be used to identify com-
ponents that have not been associated with renal clearance pathways so far, two
additional candidate genes were analyzed. Numerous reports have been implicating
an important role for kinase signaling events to be involved in various endocytic
processes (Conner and Schmid, 2003; Pelkmans et al., 2005). A recent study
analyzed human kinases with respect to their involvement in endocytosis by a
functional RNA interference assay (Pelkmans et al., 2005). Among others, the
atypical protein kinase C iota (PRKCi) was implicated in endocytic processes. The
relevance of PRKCi and its apical scaffolding partner, the membrane-associated
guanylate kinase (MAGUK) subfamily member 5 (Mpp5) were choosen to be in-
vestigated, because the mutant zebrafish lines for these proteins were available and
well characterized at our institution. The zebrafish strain carrying the naturally oc-
curing mutated form of PRKCi has been termed heart and soul (has m567, Wei and
Malicki (2002)), the strain where the Mpp5 protein is mutated has been termed
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nagie oko (nok s305, Peterson et al. (2001)). Zebrafish embryos that are homozy-
gous for either mutation die between 4 and 5 days post fertilization from cardiac
malformations and lack of blood circulation. Because has m567 and nok s305mutants
lack circulation, injection of tracer molecules for analysis of uptake was not possi-
ble.
This problem was circumvented by using transgenic lines of zebrafish that express
either wildtype PRKCi or Mpp5 under the control of the cardiac myosin light chain
2 (cmlc2) promoter region (Huang et al., 2003) within all myocardial cells of the
mutated backgrounds nok s305 and has m567 [Tg(cmlc2:nok) (generated by Nana
Bit-Avragim) or Tg(cmlc2:has) (generated by Stefan Rohr), respectively] (Rohr
et al., 2006). In these Tg(cmlc2:nok) and Tg(cmlc2:has) transgenic embryos
cardiac morphogenesis and peripheral circulation is significantly restored while pro-
ducing the complete range of epithelial defects characteristic of the mutants (Rohr
et al., 2006).
Transgenic animals Tg(cmlc2:has) with restored circulation that were injected with
70 kDa-FD completely lacked uptake of tracer molecules from the pronephric duct
(Figure 32 G, I), whereas Tg(cmlc2:nok) mutants showed robust presence of endo-
cytic vesicles filled with tracer, albeit at weaker levels than their wildtype siblings
(Figure 32 D, F). Mislocalization of the zf-LRP2 protein could be excluded as
reason for the lack of uptake for Tg(cmlc2:has) mutants because similar to its
localization in the wildtype, zf-LRP2 was still present apically in pronephric-duct
epithelial cells (Figure 32 H, I). Therefore, apical-basal polarity of pronephric duct
cells or apical localization of zf-LRP2 is not affected in Tg(cmlc2:has) mutants.
The presence of early endosomes was assesed using an anti-Rab4 antibody.
Whereas wildtype and Tg(cmlc2:nok) mutants had significant amounts of Rab4-
positive endosomes, Tg(cmlc2:has) mutants lacked clearly recognizable amounts
of this vesicle type (Figure 33 H, I). These findings implicated Tg(cmlc2:has) but
not Tg(cmlc2:nok) in the zf-LRP2 retrieval pathway, which is essential for the
presence of Rab4-positive endosomes within the pronephric duct.
An explanation for the loss of endocytic activity in Tg(cmlc2:has) mutants could
be the absence of ligands due to defective glomerular filtration. Alternatively,
PRKCi might have a direct regulatory role in tubular endocytic processes. To dis-
criminate between both possibilities, a mosaic clonal analysis of PRKCi function
for endocytic activity was performed. A transgenic line of zebrafish that expresses
membrane-tethered GFP (lynGFP) under control of the epithelial claudin B pro-
moter (clndB:GFP) (obtained from S. Seyfried, MDC, Berlin) was used to genet-
ically mark pronephric duct epithelial cells. Animals trangenic for (clndB:GFP)
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Figure 32: Lack of renal clearance in Tg(cmlc2:has) mutants. Transverse sections of 72
hpf wildtype embryos (A-C), Tg(cmlc2:nok) mutants (D-F), and Tg(cmlc2:has) mutants
(G-I) injected with 70 kDa-FD (green) and immunostained for zf-LRP2 (B, C, E, F, H,
I). Tg(cmlc2:prkci) mutants completely lack uptake of the tracer (G, I). The apical
localization of zf-LRP2 protein is not affected in Tg(cmlc2:nok) and Tg(cmlc2:has)
mutants (E, F, H, I).
were injected with the hasMO to ablate expression of PRKCi (Horne-Badovinac
et al., 2001; Rohr et al., 2006) and used as donors for transplantation into un-
marked wildtype hosts (transplantation was carried out by F. Rudolph, MDC,
Berlin). The efficiency and specificity of the hasMO used in this experiment has
been demonstrated in several studies (Horne-Badovinac et al., 2001; Rohr et al.,
2006). Subsequently, has morphant pronephric duct clones within otherwise wild-
type hosts were easily identified by GFP expression. In these transplants, prkci
morphant pronephric duct clones showed robust uptake of 10 kDa-FD (Figure 34
C, arrowhead).
This result excludes a direct role of PRKCi in tubular endocytosis. Rather, lack of
renal uptake in Tg(cmlc2:has) mutants most probably indicates defective glomeru-
lar filtration and, as a consequence, absence of ligands in the duct lumen.
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Figure 33: Lack of Rab4-positive early endosomes in Tg(cmlc2:has) mutants. Trans-
verse sections of 72 hpf wildtype embryos (A-C), Tg(cmlc2:nok) mutants (D-F), and
Tg(cmlc2:has) (G-I) injected with 70 kDa-FD (green) and immunostained for the early
endosomal marker Rab4 (B, C, E, F, H, I). Whereas Tg(cmlc2:nok) mutants show
a robust presence of Rab4-positive endocytic vesicles filled with the tracer (D, F),
Tg(cmlc2:has) mutants completely lack Rab4 positive vesicles (G, I).
A B C
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Figure 34: Mosaic clonal analysis of prkci function in tubular endocytic processes.
Confocal fluorescence microscopy on whole-mounts of wildtype host embryos (non-GFP)
injected with 10 kDa-FD that contain pronephric duct clones of animals trangenic for
(clndB:GFP) injected with the hasMO. (C) Endocytic punctate vesicles filled with the
tracer are present within has morphant cell clones (arrowhead) and wildtype host neigh-
boring cells (asterisk).
5.11 Zf-LRP2 and forebrain development
The results so far clearly indicate that the Morpholino approach to knock-down
protein expression of zf-LRP2 is working efficiently and that the phenotypes con-
cerning kidney function in the zebrafish are comparable to the phenotypes observed
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for lrp2 deficient mice.
To answer the question whether zf-lrp2 is also involved in forebrain development,
brain structures of wildtypes and lrp2 morphants were analyzed on paraffin sections
at different time points of embryonic development.
There were no obvious morphological differences between the brain structures of
wildtypes and morphants for the analyzed time points (Figure 35). All major struc-
tural hallmarks were present and unchanged in the morphants. The sections shown
(Figure 35) are representative for all animals analyzed, the plane of section (PoS)
is indicated in the schematics. All other areas of the brain were also not changed.
5.12 Expression of early forebrain marker genes is un-
changed
Although the overall physiological morphology of the brain did not seem to be
changed in lrp2 morphants (Figure 35), the expression patterns of key marker
genes of early brain development could be altered. The key ventral forebrain
marker genes that were found to be aberrantly expressed in the mouse knockout
model for lrp2 included shh, nkx2.1 and olig2. Expression of these genes was
therefore also analyzed in the zebrafish on sections and on whole-mount ISH.
Shh was expressed strongly in the central nervous system (CNS) of the developing
embryo but also in parts of the intestinal tract at 48hpf. Expression domains in the
(CNS) included the ventral neural tube and the notochord, the emenentia thalami
(Figure 36 A, E; EmT) and the ventral thalamus (Figure 36 A, E; VT).
Expression domains in the intestinal tract included the anlage for the mouth (Fig-
ure 36 A, E; Mt) and the anlage for the pharynx (Figure 36 A, E; Ph). Expression
of shh at 72hpf was weaker than at 48hpf, but the shh expression pattern was
identical to the pattern observed for 48hpf. No differences between wildtypes and
lrp2 morphants were seen for the expression pattern of shh on whole-mounts (Fig-
ure 36 A, C, E, G) or on transversal sections (Figure 36 B, D, F, H) thereof for
48hpf and 72hpf.
Expression of nkx2.1 at 10.5dpc was found to be significantly reduced in the AEP
of lrp2 -/- mouse embryos compared to wildtypes. In the zebrafish, expression of
nkx2.1 was restricted to brain structures at 48hpf and 72hpf. At 48hpf it was
found to be expressed in the pallium, subpallium, ventral thalamus, eminentia tha-
lamica, preoptic region and the dorsal part of the posterior tuberculum (Figure 37
A, E; P, S, VT, EmT, Po, Ptd). The expression level of nkx2.1 at 72hpf was only
77













































Figure 35: Histological analysis of Hematoxylin and Eosin stained paraffin sections of
48hpf (A) and 96hpf (B) wildtype and morphant animals. The plane of section (PoS) is
indicated in the models by dashed straight lines in (A) and (B). No obvious morphologi-
cal changes were observed when analyzing stacks of sections along the rostral to caudal
body axis of lrp2MO1 and lrp2MO2 injected animals. The depicted sections are repre-
sentative for all animals analyzed. Abbreviations: ac, anterior comissure; CeP, cerebellar
plate; DT, dorsal thalamus; E, epiphysis; EmT emenentia thalami; H, hypothalamus;
Ha, habenula; MO, medulla oblongata; N, region of the nucleus of the medial longitu-
dinal fascicle; OB, olfactory bulb; oc, optic chiasma; P, pallium; Po, preoptic region;
Poc, postoptic commissure; Pr, pretectum; PTd, dorsal part of posterior tuberculum;
PTv, ventral part of posterior tuberculum; RCT, rostral cerebellat thickening (valvula);
S, subpallium; T, midbrain tectum; TeO, tectum opticum; Va, valvula cerebelli; Ve,
brain ventricle; VT, ventral thalamus (prethalamus). Models modified from Mueller and
Wullimann (2005).
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Figure 36: Expression of shh in wildtype (A-D) and lrp2 morphant (E-H) animals at
48hpf (A, B, E, F) and 72hpf (C, D, G, H). Analysis of shh expression on whole-mounts
(A, C, E, G) and on sections (B, D, F, H) did not reveal differences between wildtype and
lrp2 morphant animals. The plane of section for B, D, F and H is indicated by a dashed
line in the corresponding whole-mount ISH (A, C, E, G). Abbreviations: Emt, eminentia
thalami; Hi, intermediate hypothalamus; Hr, rostral hypothalamus; Mt, mouth; Ph,
pharynx; VT, ventral thalamus.
slightly lower than at 48hpf, the expression domains remained the same. Unlike
the situation in the mouse, no differences between wildtypes and lrp2 morphants
were seen for the expression pattern of nkx2.1 on whole-mounts (Figure 37 A,
C, E, G) or on transversal sections (Figure 37 B, D, F, H) thereof for 48hpf and
72hpf.
Another marker gene displaying a reduced expression level in the AEP of 10.5 dpc
lrp2 -/- mouse embryos was olig2. The expression of the zebrafish ortholog of olig2
was restricted to areas of the forebrain and midbrain of the developing embryo.
At 48hpf it was expressed mainly in the eminentia thalami, the pallium, subpallium,
ventral thalamus and the retina (Figure 38 B, F; Emt, P, S, VT, Eye). At 72hpf,
main sites of expression were the midbrain-hindbrain boundary and motoneurons
(Figure 38 C, G; Mhb, Mn).
However, no differences between wildtypes and lrp2 morphants were seen for the
expression pattern of olig2 on whole-mounts (Figure 38 A, C, E, G) or on transver-
sal sections (Figure 38 B, D, F, H) thereof for 48hpf and 72hpf.
Taken together, these findings indicate that the brain development is not disturbed
in zebrafish embryos that have been injected with the lrp2MO1 or lrp2MO2 Mor-
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Figure 37: Expression of nkx2.1 in wildtype (A-D) and lrp2 morphant (E-H) animals
at 48hpf (A, B, E, F) and 72hpf (C, D, G, H). Analysis of nkx2.1 expression on whole-
mounts (A, C, E, G) and on sections (B, D, F, H) did not reveal differences between
wildtype and lrp2 morphant animals. The plane of section for B, D, F and H is indicated
by a dashed line in the corresponding whole-mount ISH (A, C, E, G). The yolk has been
removed in A, C, E and G. Abbreviations: Emt, eminentia thalami; P, pallium; Po,
preoptic region; Ptd, dorsal part of posterior tuberculum; S, subpallium; VT, ventral
thalamus.































Figure 38: Expression of olig2 in wildtype (A-D) and lrp2 morphant (E-H) animals at
48hpf (A, B, E, F) and 72hpf (C, D, E, F). Analysis of olig2 expression on whole-mounts
(A, C, E, G) and on sections (B, D, F, H) did not reveal differences between wildtype
and lrp2 morphant animals. The plane of section for B, D, F and H is indicated by a
dashed line in the corresponding whole-mount ISH (A, C, E, G). The yolk sac has been
removed in C and G. Abbreviations: Emt, eminentia thalami; P, pallium; S, subpallium;
VT, ventral thalamus.
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pholino.
81
5. RESULTS II: ZEBRAFISH
5.13 Zf-lrp2 mRNA is provided maternally
Proteins or mRNAs important for the early development of the zebrafish embryo
are provided maternally with the yolk of the egg. In this scenario, splice variant
Morpholinos would not be effective because the lrp2 mRNA is already spliced
and would be translated normally into functional zf-LRP2. This might be one
explanation for the seemingly normal brain development in the lrp2 morphant
embryos. RT-PCR analysis of early stages of zebrafish development indeed revealed
the presence of zf-lrp2 transcripts (Figure 39).
5dpf
520 bp
1cell 4cell 2dpf 3dpf H O2
Figure 39: RT-PCR for zf-lrp2 transcripts at various stages of development. Zf-lrp2
transcripts were already present at the one-, respectively four-cell stage of development.
The expression level for zf-lrp2 at 2, 3 and 5dpf of embryonic development was found




The function of LRP2 in forebrain development has been analyzed using knockout
mouse models. Lack of the receptor results in defects in Shh and Bmp4 pathways
in the neural tube and in impaired establishment of ventral cell fate, particularly
affecting oligodendroglial and interneuronal cell populations. The similarities be-
tween lrp2 knockout mice and mouse models with altered Shh or Bmp4 activities
in the forebrain indicated a crucial role for this receptor in morphogen pathways
that specify early dorsoventral patterning of the prosencephalon. A zebrafish ani-
mal model was established to further elucidate the function of LRP2 in forebrain
development in an alternative system amenable to rapid transgenic manipulations.
6.1 Analysis of LRP2 function in the mouse model
6.1.1 The role of lrp2 in forebrain development: yolk sac or neuroep-
ithelium?
Previously, deficiency for lrp2 in the yolk sac and/or in the neuroepithelium was
held responsible for the holoprosencephalic symptoms in lrp2 -/-mice (Farese and
Herz, 1998; McCarthy and Argraves, 2003; Willnow et al., 1996a). Using cre-
mediated conditional gene inactivation, a mouse line was generated that had lost
LRP2 expression in the embryo but not in the yolk sac. Surprisingly, expression
of LRP2 in the yolk sac alone did not prevent forebrain malformation as embryos
with epiblast specific lrp2 gene deletion were phenotypically indistinguishable from
embryos with complete lrp2 gene deletion (Figure 6 F, page 42). The limited num-
ber of lrp2 lox/lox/meox2 tm1(cre)Sor embryos available (n=15) precluded a detailed
comparison of the phenotypes of mice with complete and with epiblast-specific
lrp2 gene deletion. Thus it cannot be excluded that some phenotypic differences
exist in forebrain abnormalities in these two lines that reflect the influence of LRP2
in the yolk sac on neural tube formation. However, similar alterations in fgf8,
shh and bmp4 expression in both lines strongly suggest that lrp2 -deficiency in the
neuroepithelium is the main cause of the observed forebrain defects.
6.1.2 Lrp2-deficiency impairs Shh-dependent ventral cell fate
While the role of LRP2 in the yolk sac still awaits elucidation, experimental evidence
in this study identified the contribution of this receptor in the neuroepithelium to
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specification of dorsal and ventral signaling pathways in the anterior neural tube.
Axial patterning of the neural tube is controlled by secreted factors that have dis-
tinct expression domains in the rostral forebrain. In particular, an intricate balance
of the morphogens Shh and Bmp4 is crucial for specifying dorsoventral forebrain
patterning (Ohkubo et al., 2002; Sasai and De Robertis, 1997). Shh activity de-
fines the ventral neural tube and establishes ventral neuronal and oligodendroglial
cell populations (Lu et al., 2000; Marin and Rubenstein, 2001; Nery et al., 2001;
Rowitch et al., 1999). Inactivation of the shh gene in the mouse causes defective
axial patterning, cyclopia and absence of ventral cell types (Chiang et al., 1996).
Surprisingly, lack of LRP2 resulted in loss of shh expression specifically in the AEP,
whereas expression in further caudal regions of the neural tube was not affected
(Figure 7, page 43). The identical phenotype is seen in other models of abnormal
dorsoventral patterning and HPE, in particular in those with increased Bmp4 ac-
tivity, as discussed below. Why some defects impair Shh activity exclusively in the
AEP is unclear at present, but region-specific differences in the molecular mech-
anism of Shh action in the rostral forebrain compared with more caudal regions,
such as the spinal cord, are clearly established (Dale et al., 1997). For example,
ventral diencephalic midline cells of the neural tube rostral to the zona limitans
intrathalamica (zli) require the morphogens Bmp7 and Shh in order to differentiate
correctly whereas ventral midline cells caudal to the zli do not require Bmp7 (Dale
et al., 1997).
The spatially restricted loss of shh in the AEP may explain why no overt changes
in some components of the global Shh signaling pathway, e.g. Hnf3ß (Figure 10,
page 46) were detectable in lrp2 -/-embryos at E10.5, and why some defects in shh
knockout mice (such as absence of distal limb structures) were not shared by lrp2 -
deficient animals. In the AEP, the shh signal peaks around E10.5, when it overlaps
with olig2 and nkx2.1, markers of oligodendroglial and neuronal lineages, respec-
tively (Figure 9, page 45). Ectopic expression of shh locally induces differentiation
of oligodendrocytes from ventral neuroepithelial precursors (Nery et al., 2001), a
process blocked by anti-Shh antibodies (Orentas et al., 1999). Consistent with loss
of shh in the AEP, lrp2 -deficient embryos suffered from impaired establishment of
neuroepithelial progenitors and from a dramatic reduction in oligendroglial and in-
terneuronal cell populations, as demonstrated by the almost complete absence of
olig2, nkx2.1, dlx2 and TuJ1-positive cells in the ventral (but not in the dorsal)
forebrain (Figure 9, page 45 and Figure 10, page 46). Potentially, lack of prolifer-
ation, increased cell death or impaired differentiation may be held responsible for
the absence of ventral cell fate specification. Decreased mitotic activity was de-
84
6. DISCUSSION
tected in the AEP of lrp2 -/-embryos (Figure 4, page 13). Thus, this effect clearly
contributes to forebrain anomalies in this mouse line. However, the absence of
proliferative defects in other areas of the rostral forebrain and the normal expres-
sion of many ventral marker genes (e.g. ptch1 and hnf3ß) strongly suggested that
alterations in Shh-dependent differentiation processes also play a causative role.
This hypothesis is in agreement with recent findings in which Shh signaling was
disrupted in the ventral telencephalon of mice at E9.5 using conditional targeting
of the smo gene. Spatial and temporary specific ablation of ventral shh activity
results in a complete absence of oligodendrocytes and interneurons in the ventral
forebrain, due to impaired differentiation rather than altered proliferation or apop-
tosis of progenitor cells (Fuccillo et al., 2004).
The spatial restricted loss of shh in the AEP, the restricted loss of ventral cell types
and the normal expression of global Shh target genes like hnf3ß oppose findings
from McCarthy et al. (2002) who implicated a role for LRP2 as Shh clearance
receptor in vitro. If LRP2 were involved in Shh signaling, other areas of the neural
tube than the AEP would likely be affected as well.
6.1.3 Lrp2-deficiency increases Bmp4 activity in the rostral dorsal neural
tube
Whereas Shh specifies ventral cell fate, Bmps provide inductive signals for dorsal
cell types such as the astroglial lineage (Gross et al., 1996; Liem et al., 1995; Tim-
mer et al., 2002). They act through suppression of cell proliferation and induction
of apoptosis (Furuta et al., 1997), and function as potent antagonists of the ventral
neural tube by blocking Shh action on dorsal cell types and by inhibiting ventral
cell fate (Lim et al., 2000; McMahon et al., 1998). Consistent with an opponent
action of dorsal and ventral signaling pathways in the neural tube, increased activ-
ity of Bmps suppressed the expression of shh in the rostral ventral neuroepithelium.
For example, when beads soaked with recombinant Bmp4 or Bmp5 are implanted
into the neural tube of the chicken forebrain, loss of shh expression in the ventral
forebrain is observed to cause cyclopia and HPE (Golden et al., 1999). In mice
genetically deficient for noggin, a Bmp4 antagonist, expression of dorsal cell fates
is normal but Shh-dependent ventral cell fate is lost progressively (McMahon et al.,
1998). Finally, in mice homozygous for the deletion of chordin and heterozygous
for the noggin gene defect, deficiencies for both Bmp antagonists also cause loss
of shh expression, specifically in the AEP, and holoprosencephalic syndrome, a
phenotype highly reminiscent of defects in lrp2 -/-embryos (Anderson et al., 2002).
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As well as with alterations in Bmp4 and Shh pathways, lrp2 -deficient embryos
also displayed changes in expression of fgf8 and pax6. Fgf8 promotes rather than
induces rostroventral telencephalic fate (Wilson and Houart, 2004), and its expres-
sion is considered to be dependent on coordinated shh and bmp signaling (Ohkubo
et al., 2002). Therefore reduction in ventral fgf8 gene expression and the extension
of the signal along the dorsal midline probably reflected secondary alterations in
dorsoventral patterning of the forebrain and abnormalities in formation of midline
tissue. Similarly, the expansion of pax6 into ventral parts of the telencephalon
of receptor-deficient mice was probably a consequence of the absence of Shh in
the AEP, as described for other models with specific loss of shh expression in the
rostral forebrain (Gofflot et al., 1999; Huh et al., 1999).
6.1.4 A role for LRP2 in patterning the rostral neural tube: a working
model
What may be the mechanism whereby LRP2 affects dorsoventral specification of
the neural tube? Given the competing action of dorsal and ventral signaling fac-
tors on neural tube patterning one may envision two scenarios. In one model, the
receptor may be essential to induce shh expression in cells of the AEP, its absence
resulting in the loss of Shh activity and in an impaired ventral cell fate (Figure 40
B). This idea is supported by a recent study that identified three novel regulatory
enhancer elements necessary for directing shh expression to distinct areas of the
rostroventral neural tube (Jeong et al., 2006). Two of these novel enhancers are
necessary for inducing shh expression in the subventricular zone of the anterior
entopeduncular area (AEP). This is consistent with the finding that lrp2 -deficient
animals lacked shh expression (Figure 7 D and F, page 43) and displayed a reduc-
tion in neuroepithelial wall thickness in this area of the ventral forebrain (Figure
4 G and H, page 13). In this scenario, LRP2 might be necessary to specifically
activate regulatory elements that are essential for shh expression in the AEP. As
a consequence of the lack of ventral Shh signals, dorsal markers such as Bmp4
would be overexpressed.
In an alternative model, LRP2 may act as a negative regulator of Bmp4 activity in
the dorsal neuroepithelium and receptor deficiency may cause an increase in dorsal
Bmp4 signals, an effect known to suppress shh (Figure 40 C, Golden et al. (1999);
Lim et al. (2000); McMahon et al. (1998)). Based on the fact that increases in
bmp4 expression and signaling through phosphorylated Smad (P-Smad) proteins












































Figure 40: Schematic working models of a possible role for LRP2 in patterning of
the rostral neural tube. Depicted is the situation in the wildtype (A) and two possible
situations in the lrp2 -/-animals (B, C). In the wildtype, Shh is expressed in the notochord
(nc) and in the floor plate (fp) of the neural tube, whereas Bmp4 is expressed in the
roof plate (rp) of the neural tube.The two key morphogens of dorsoventral patterning
form a defined directly opposed gradient, thereby specifying cell fates in a concentration
dependant manner. In the first scenario (B), the lack of LRP2 leads to a lack of
shh expression in the AEP, as a consequence ventral cell fates become dorsalized. In
the second scenario (C), lack of LRP2 in the dorsal neural tube leads to an increase
in the range of action of Bmp4, resulting again in suppression of ventral cell fates.
Abbreviations: AEP, anterior entopeduncular area; fp, floor plate; nc; notochord; rp,
roofplate.
model seems to be more likely.
A role for LRP2 in restricting the range of action of Bmp4 is supported by findings
obtained in this study and by work from others. In the early forebrain, Bmp4 is
believed to induce its own expression via a positive feedback loop; thus, increases
in Bmp4 activity are expected to induce bmp4 transcription (Blitz et al., 2000).
Furthermore, the importance of restricting Bmp signals during development is well
established and several mechanisms have evolved to negatively regulate the range
of action of the morphogen at various points in the signal transduction cascade.
First, the range of action is limited by soluble, excreted proteins such as Chordin or
Noggin that bind to Bmp4 and thereby prevent binding to its endogenous recep-
tors (Bmp-receptor I and II, Balemans and Van Hul (2002)). The concentration
of Bmp4 available for signaling is further reduced by dominant negative pseudo-
receptors like the Bmp activin membrane bound inhibitor (BAMBI) that binds
Bmp4 but does not relay the signal (Onichtchouk et al., 1999). The Bmp signal
can also be attenuated intracellularly by inactivating Smad (I-Smad) proteins and
Smad ubiquitin regulatory factors (Smurfs) that mediate the proteasomal degrada-
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tion of the intracellular effectors of Bmp4 signaling (von Bubnoff and Cho, 2001).
Taken together with the ability of LRP2 to internalize Bmp4 (Figure 13, page 50),
these findings provide an explanatory model in which LRP2 acts as an endocytic
receptor for Bmp4 in the neural tube, antagonizing morphogen signaling. As a con-
sequence of receptor deficiency, Bmp4 activity may be locally increased, causing
activation of bmp4 transcription and stimulation of rostral and dorsal patterning
and suppression of ventral patterning. A similar function for LRP2 as a clearance
receptor for parathyroid hormone (PTH) suppressing signaling via the PTH recep-
tor in the kidney has been documented before (Hilpert et al., 1999).
Few established cell lines express the receptor LRP2, and BN16 cells are the sys-
tem of choice for testing LRP2-dependent endocytosis. The lack of expression of
Bmp receptors in BN16 cells (R. Spoelgen, MDC, Berlin; unpublished) currently
precludes testing the consequence of LRP2 activity on Bmp signaling in these cells
directly. Therefore, future efforts should be directed toward establishing suitable
cellular systems (e.g. neural tube explants) to address this question.
In conclusion, the studies in the mouse model have uncovered an important novel
activity of LRPs as modifiers of Bmp4- and Shh-dependent patterning of the fore-
brain, and the role that is played by LRP2 in this process. These findings have
identified LRP2 as an important factor in axial embryonic pattern formation and
characterized a novel molecular pathway that contributes to abnormal specifica-
tion of the ventral forebrain and to HPE, the most common developmental brain
anomaly in humans (Wallis and Muenke, 1999).
6.2 Analysis of LRP2 function in the zebrafish model
6.2.1 Expression of the LRP2 ortholog in the zebrafish pronephros
The expression domain of lrp2 was compared to the expression domains of estab-
lished marker genes for renal development. Expression of lrp2, dab2, and cubilin
overlap in a defined domain of the zebrafish pronephric duct (Figure 17, page 60)
that is involved in renal clearance processes as indicated by tracer uptake studies
(Figure 18, page 61).
At 3dpf, this expression domain comprises a sharply defined segment within the
proximal half of the duct epithelium and a short distal segment of the pronephric
tube. This segment likely corresponds to the proximal convoluted tubule (PCT),
a nephron segment that is central to the tubular resorption of solutes in the mam-
malian kidney (Jacobson, 1981). Expression mapping of transport proteins involved
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in osmoregulation in the Xenopus larval pronephric kidney predicts the presence of
several distinct transport domains involved in renal clearance along the proximal-
distal axis suggesting a segmented complexity that is similar to that of mammalian
nephrons (Eid and Brandli, 2001; Zhou and Vize, 2004).
The data of this study provide the first functional evidence for a segmental subdi-
vision of the zebrafish pronephric duct epithelium. Mapping of the lrp2 expression
domain in the zebrafish pronephros largely parallels the distinct expression of the
receptor in the PCT of the developing mouse kidney, a pattern that is prototypic
for most mammalian species. The situation is somewhat different in the rat em-
bryo, where expression of the receptor can also be detected in podocytes in the
glomerulus (Assemat et al., 2005).
It is not known how the expression of lrp2, cubilin and dab2 is controlled but
proximal-distal patterning of the pronephric duct most likely is involved. The field
of the pronephric kidney has attributes of a prepatterned tissue based on partially
overlapping expression patterns of wt1, pax2.1 and simple minded 1 (sim1), a
basic helix-loop-helix factor, that are consistent with lineage relationships of seg-
ments of pronephric progenitor cells (Serluca and Fishman, 2001). The expression
domains of lrp2 and cubilin are overlapping with different combinatorial codes of
wt1 and pax2.1 expression (Figure 17, page 60). However, the expression patterns
of wt1 and pax2.1 are independent of lrp2 and dab2 function. It remains to be
seen whether, conversely, the combinatorial codes of these transcription factors
may affect the expression of lrp2, cubilin and dab2 and thereby the functional
specialization of the pronephric tubule.
6.2.2 Functional analysis of zf-LRP2 in the zebrafish pronephros
Visualization of receptor-mediated endocytosis can be easily accomplished within
the zebrafish pronephros, making the zebrafish an ideal model organism to dissect
the molecular components of receptor-mediated endocytosis. To prove that this
is indeed possible, known components of the endocytic machinery in mammals
were analyzed. In line with a central role for LRP2 in renal uptake processes,
knock-down of this scavenger receptor or its adaptor Dab2 interfered with endo-
cytic clearance of metabolites into the pronephric duct (Figure 24, page 65 and
Figure 28, page 71), demonstrating functional conservation of this endocytic path-
way across species. The ease with which endocytic processes can be manipulated
in zebrafish larvae should allow for the systematic characterization of additional
components required for LRP2 trafficking and function in vivo.
89
6. DISCUSSION
To this end, a number of cytoplasmic adaptors have been identified by yeast-2-
hybrid screening that interact with the intracellular domain of LRP2 (Gotthardt
et al., 2000; Oleinikov et al., 2000; Petersen et al., 2003; Rader et al., 2000). Apart
from Dab2, the significance of these adaptors for receptor function in vivo remains
unclear. Where applicable, the relevance of these proteins for receptor function
may now be identified using the respective morphants.
Intriguingly, knock-down of lrp2 and dab2 in the zebrafish pronephros not only
impairs tubular clearance of receptor ligands (such as RAP, Figure 25; page 67)
but also abolishes the uptake of fluid-phase markers (Figure 25 B and C, page
67) or the formation of Rab4-positive endosomes (Figure 26, page 68 and Figure
30, page 72). These findings may reflect the fact that other endocytic receptors
only contribute insignificantly to renal clearance processes in the absence of LRP2
activity. Alternatively, LRP2 function may be directly required for establishment
of an endocytic apparatus in this cell type, a hypothesis strongly supported by
previous observations in lrp2 -deficient mice (Christensen and Willnow, 1999; Nyk-
jaer et al., 1999). In these animals, lack of the receptor also results in complete
absence of detectable endocytic structures including endosomes and dense apical
tubules (recycling membrane vesicles) as shown by morphological analysis using
electron microscopy (Christensen and Willnow, 1999; Nykjaer et al., 1999).
A central role for the LRP2 receptor in formation of endocytic structures was also
demonstrated by inactivation of PRKCi and its scaffolding partner Mpp5. These
proteins have been recently identified in an in vitro assay to be directly involved
in endocytic uptake processes (Pelkmans et al., 2005). However, the in vivo rele-
vance of these findings for the kidney was not adressed. Therefore, expression of
both proteins was abolished and the consequences for the larval pronephros, resp.
renal uptake of tracer dye were evaluated.
Inactivation of Mpp5 only mildly affected renal clearance processes, whereas inac-
tivation of PRKCi did impair tubular clearance processes and formation of early
endosomes (Figure 33, page 76). Surprisingly however, this defect is not due to
an abnormal epithelial cell polarity of the pronephros or an inability of zf-LRP2 to
perform endocytosis as indicated by the correct localization of the receptor to the
apical membrane (Figure 32, page 75). Rather, the finding that prkci mutants fail
to form Rab4-positive endosomes in pronephric duct epithelial cells and fail to clear
tracers, suggests that glomerular filtration is impaired in these mutants and that
reduced availability of ligands for zf-LRP2 prevents formation of early endocytic
vesicles.
This conclusion was confirmed by clonal analysis of morphant cells in otherwise
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wildtype hosts (with normal glomerular filtration) demonstrating that zf-LRP2 is
active in PRKCi-deficient tubules (Figure 34, page 76). It might also be possi-
ble that the presence of un-liganded receptor accelerates the kinetic of dissoci-
ation of Rab4 with endosomes thus reducing the amount of Rab4 that can be
detected by immunofluorescence. However, complete absence of endosomal struc-
tures in lrp2 -deficient mouse proximal convoluted tubule (PCT) cells (Nykjaer
et al., 1999)) strongly supports the concept that absence of receptor activity in
the larval pronephros also impairs formation of a proper endocytic machinery in
this tissue.
Taken together, these findings highlight the evolutionary conservation of renal
tubular clearance mechanisms from fish to mammals and the central role played
by ligand-induced LRP2 activity in this process. The experimental model system
established in this study provides a framework for detailed approaches to dissect
the molecular components involved in this important endocytic receptor pathway.
6.2.3 Role of the LRP2 ortholog in kidney and forebrain development
of the zebrafish
The zebrafish ortholog of LRP2 is also abundantly expressed in brain structures,
the retina and the otic vesicles (Figure 16, page 55). Surprisingly, knockdown
of expression of the zf-LRP2 protein does not result in malformation of the brain
as observed in the lrp2 -/-mouse model. Also, expression patterns of morphogens
such as shh, nkx2.1 or olig2 that were found to be altered in lrp2 -/-embryos, were
not changed in lrp2 morphant animals (Figure 36, page 79; Figure 37, page 80
and Figure 38, page 80).
One possible explanation might be that the LRP2 ortholog in the zebrafish has
lost its importance in forebrain development, resp. that the mammalian LRP2
gained its importance during evolution. However, this possibility seems unlikely
because even in organisms that are evolutionary more distantly related to mam-
mals than the zebrafish, LRP2 plays a crucial role during development (Figure 41).
The receptor is for example essential for growth and development of the nema-
tode Caenorhabditis elegans as a mutation in the gene of the lrp2 ortholog of the
nematode causes an inability to shed and degrade the old cuticle at each of the
larval molts (Yochem et al., 1999).
A more likely explanation for the lack of a forebrain phenotye may be attributed
to technical difficulties in generating the lrp2 morphant animals. These animals
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Figure 41: Phylogenetic tree of different species illustrating evolutionary distance in
million years. The vertical lines indicate the last common ancestor for the two species
branching off. The last common ancestor for H. sapiens and for M. musculus existed
360 million years ago, the last common ancestor for D. rerio and H. sapiens existed
450 million years ago, whereas the last common ancestor for C. elegans and H. sapiens
existed 990 million years ago.
that interfere with the correct splicing of the pre-mRNA of zf-lrp2. As opposed to
ATG Morpholinos that affect translation, splice variant Morpholinos cannot target
already spliced zf-lrp2 -mRNA. Proteins or mRNA for proteins that are essential
for early embryonic development are supplied maternaly in the yolk of the egg.
The early presence of already spliced maternal zf-lrp2 -mRNA might be sufficient
to trigger normal forebrain development. Indeed, RT-PCR analysis of zebrafish
eggs at early stages of embryonic development reveals the presence of significant
amounts of zf-lrp2 -mRNA (Figure 39, page 82).
At present, the only possibility to knock down zf-LRP2 protein expression is the
splice variant Morpholino approach, because sequence information about the ATG-
region of the zf-lrp2 gene to generate an ATG-Morpholino is not available to date.
The success of further elucidating the function of LRP2 in forebrain development
in the zebrafish is therefore critically dependent on interfering with LRP2 expres-
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sion or function as early as possible during embryonic development. This may be
achieved in a direct or indirect manner. Directly interfering with LRP2 expression
involves cloning of the ATG-region of zf-lrp2 in order to generate a Morpholino
that blocks the initiation of translation of the protein.
Introducing mutations that ablate lrp2 gene expression would be another direct
approach. Since the technique of targeted gene disruption is not available so far
in this animal model, artificial mutagenesis may be used to introduce mutations.
A method that earned much attention is the ”Targeting Induced Local Lesions
IN Genomes” (TILLING) approach because it combines the efficiency of ethyl
methanesulfonate (EMS)-induced mutagenesis (Koornreef et al., 1982) with the
ability of fast detection of base pair changes in the genomic region of interest
(McCallum et al., 2000). Although this method is fast and automatable it is nev-
ertheless introducing mutations randomly and therefore not guaranteed to succeed.
An indirect approach to interfere with LRP2 function would be overexpression of
a receptor antagonist that blocks binding sites for other ligands. The receptor
associated protein (RAP) normally resides in the endoplasmic reticulum (ER) of
the cell acting as a chaperone for LDL receptor gene family members. Removal
of the ER retention signal leads to excretion of RAP into the extracellular space
where it binds to the receptors and blocks binding sites for other ligands artificially.
This strategy has been successfully applied in the mouse to transiently inactivate
LRP in vivo (Rohlmann et al., 1996). The disadvantage of this approach is that
RAP binds to and therefore blocks all members of the LDL receptor gene family,
rendering it difficult to discern defects specific for the loss of LRP2 function.
Interfering with LRP2 function may also be achieved by ablating expression of in-
tracellular adaptor proteins. That this is feasible has been shown in this study for
the intracellular LRP2 adaptor protein Dab2 . Numerous additional intracellular
adaptor proteins for LRP2 have been identified so far in vitro. Some of these
adaptors are involved in regulating endocytic pathways, such as the outer mem-
brane protein (OMP) 25 that has been implicated in vesicular transport processes
(Nemoto and De Camilli, 1999), or the Disabled homolog (Dab) 1 that prevents
clustering of the receptor into clathrin coated pits (Gotthardt et al., 2000). Pro-
teins important for neurotransmission like the postsynaptic density (Psd) protein
95 (Sheng and Pak, 1999) and the carboxyl-terminal PDZ ligand of neuronal nitric
oxide synthase (Capon) have also been shown to bind to LRP2 (Gotthardt et al.,
2000). There are also adaptor proteins with unknown physiological function that
bind to LRP2 like the LRP2 binding protein (LRP2BP) (Petersen et al., 2003)
or the M-SemF cytoplasmic domain-associated protein (SEMCAP) 1 (Gotthardt
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et al., 2000). Assuming that some of these intracellular adaptor proteins may
specifically be involved in LRP2 mediated signaling in the brain, a Morpholino
based knock-down approach of these adaptors might help to ablate the function
of LRP2 in the brain.
Generating zebrafish that are devoid of functional LRP2 signaling by one of the
above described approaches will certainly help to further elucidate the function of
this protein in forebrain development.
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SDS sodium dodecyl sulfate
SOC super optimal broth with catabolite repression
Taq thermus aquaticus
Tris trishydroxymethylaminomethane
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LRP2 in forebrain development” selbstständig und ohne Hilfe Dritter angefertigt
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